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ABSTRACT 
Heat shock protein 70 (hsp70) gene expression is widely as indicators of general 
stress. To determine the performance and the sustainability of hsp70 expression in Daphnia 
magna and Moina macrocopa as a biomarker of environmental stress, the effects of 
temperature (cold and heat stress), metal ions (Cd^^ and Zn^^), and food quality {Anabaena 
and Chlorella) on the life-history parameters and hsp70 gene expression were investigated. 
Reproductive performance of both cladocerans was significantly lowered by heat (25°C for 
D. magna and 3 5 � � for M. macrocopa) and cold (14°C for D. magna and 18�C for M. 
macrocopa) stress. Reproductive performance of M. macrocopa was reduced at Zn^^ and 
Cd2+ concentrations equivalent to approximately 25% of the 48-h LC50 (0.3 mg Zyi^ L"^  
and 0.08 mg Cd L"). A diet consisting of Anabaena did not have demographic effects on 
M. macrocopa. The nucleotide sequences of hsp70 of both cladocerans were cloned and the 
hsp70 transcript levels were measured by the sensitive and qualitative real-time PCR method. 
Transcription level of hsp70 in both cladocerans were significantly higher after 24 h of heat 
and cold stress, but decreased to control levels after prolonged stress. M. macrocopa showed 
higher hsp70 transcripts level at 0.3 mg L'' of Zn^^ and 0.08 mg L"' of Cd^^ after 48 h. In 
comparison, elevated levels of hsp70 transcription was observed in D. magna after 96 h at 
0.06 mg L-i of Zn2+, but not at 0.02 and 0.1 mg L'' of Cd^^. M. macrocopa fed with 
Anabaena showed significant upregulation of hsp70 compared to animals fed with 
Chlorellat Our results suggest that hsp70 transcription in M. macrocopa is a potentially 














時的金屬離子處理後（鋅0.3 mg L_i，鎘0.08 mg L"')其熱擊蛋白70基因發生顯著表 
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1.1 Test organisms: Daphna magna and Moina macrocopa 
Cladocerans are freshwater small crustaceans commonly called water fleas, that 
feed on phytoplanktons. Populations of cladocerans are known to consist mostly of 
parthenogenic females during most of the time and survive periods of drought by 
producing resting eggs. Cladocerans are commonly used as the test organisms in 
freshwater toxicity tests. Cladoceran ecotoxicological research has increased 
exponentially, constituting about 10% of publications in toxicological literature during 
the last 10 years (Sarma and Nandini, 2006). The advantageous characteristics of 
cladocerans as test organisms include ecologically importance in aquatic food chain 
(Chen and Folt, 1996)，sensitivity to various toxicants, wide distribution, easy availability 
from laboratory cultures, predominantly parthenogenetic reproduction, short generation 
time, high population density and population growth rates (Koivisto, 1995). 
Among cladocerans, animals of genus Daphnia sp. are the most universally used 
in toxicity bioassays and accepted as a standard test organism by various scientific bodies 
and governmental agencies such as US Environmental Protection Agency. However, 
most species of Daphnia are found in temperate areas, and are not native to the tropical 
and sub-tropical regions, including southeast Asia (Sarma, 2000). Tropical and sub-
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tropical regions experience possible seasonal variations in temperature from 20 to 35�C. 
With this increase in temperature, about half of the D. magna from the population could 
not survive for more than 24 h (Kivivuori and Lahdes, 1996). Cladocerans of the genus 
Moina are widely distributed in tropical and sub-tropical countries and share many 
characteristics with D. magna, but have higher reproductive rates and shorter life cycles 
(Nandini and Sarma, 2000). Although Moina is generally considered to be less sensitive 
to toxicants than Daphnia (Garcia et al., 2004)，D. magna is not necessarily more 
sensitive than native species and consistently sensitive to all toxicants (Wogram and 
Liess, 2001; Mangas-Ramirez et al., 2002). Using locally important species as well as the 
standard species in toxicity tests allows clearer analysis of environmental stress (Nandini 
et al., 2007). 
1.2 Biomarkers 
Traditional chemical analysis has been used as the principal method in 
environmental impact assessment and setting water quality standard (Hallare et al., 2005; 
Kohler et al, 2007). It measures ambient contaminants concentrations to assess the 
pollution level, and thus the health status of aquatic systems (Hallare et al., 2005). 
However, chemical analysis does not account for the bioavailability of pollutants, and 
thus can provide little information on the actual or potential biological or environmental 
damage by the cotaminants directly (Yoder and Rankin, 1998; Hook and Fisher, 2001; 
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Hahn，2002; Fisher and Hook, 2002). Using the water quality parameters collected 
merely from chemical analysis to portray the biological and ecological condition of the 
aquatic systems, in many cases, inaccurate predications are resulted (Adams, 2003). This 
is evident by the result of comparing the indicative potential of chemical criteria with 
biological ones in 645 river and stream segments that about half of them revealed by 
biological indicators such as the Index of Biological Integrity (IBI) and the Invertebrate 
Community Index (ICI) were identified as impaired where no impairments were detected 
by chemical indicators (Yoder and Rankin, 1990, 1998). Chemical analysis may also 
overestimate the possible biological consequences by the pollution. Yoder and Rankin 
(1990) reported that, in some cases, bioindicators revealed full attainment of the river or 
steam segments which exceeded the chemical water quality criteria were observed. 
Chemical analysis neglects different levels of ecological potential and unable to 
incorporate the background variability in a complex condition of the environment (Yoder 
and Rankin, 1998). Physiological, cellular and biochemical effects, so called biomarkers, 
can indicate the stress undergone by organisms due to environmental contaminants or 
stresses. Biomarkers act as more precise indicators of the health status of aquatic 
organisms and environment than chemical analysis (Hallare et al., 2005). 
Biomarkers are defined as 'almost any response measurement reflecting an 
interaction between a biological system and a potential hazard, which may be chemical, 
physical, or biological，(Kammenga et al” 2000). They provide a measure of exposure, 
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and sometimes, also toxic effect (Peakall and walker, 1994). Biomarkers can detect 
molecular, biochemical, physiological, or cellular alterations in organisms after the 
exposure to pollutants (Depledge and Fossi, 1994). The use of biomarkers to complement 
the chemical analysis of detecting pollution provides various advantages. First, 
biomarkers can provide an early warning of toxic stress in organisms or in the 
environment before sublethal effects such as reduction of growth or reproduction become 
apparent to affect populations and communities in the contaminated sites (Van Gestel and 
Van Brummelen, 1996; Triebskorn et al.，1997; Kolhler et al., 2007). Second, biomarkers 
may show the actual or potential harmful effects produced by contaminants at levels that 
are not easily detected by simple chemical measurements (Hahn, 2002; Hall are et al., 
2005). Third, biomarkers responses are often persistent and may detect pollutions caused 
by contaminants that have been degraded and are no longer detectable (Triebskorn et al., 
2002) 
1.3 Heat shock protein (HSP) 
The biomarker used in this research is heat shock protein 70 (hsp70) which 
belongs to the heat shock protein (HSP) family. Under stressful conditions, organisms 
undergo a generalized primary protective response known as the heat shock protein 
response (HSR) or more precisely, stress protein response (SR). This is a coordinated 
series of biochemical and genetic process that results in rapid induction of HSP gene 
expression, producing and accumulating HSP in the cells to prevent cellular damage. 
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HSP is classified into several families according to their molecular size, including 
HSP 100，HSP90, HSP70, HSP60, HSP40 and small HSPs (Powers and Workman, 2007). 
Some of the HSP families such as HSP70 and HSP90 serve as molecular chaperones 
which assist in folding of nascent polypeptides, avoiding aggregated protein formation 
and helping to translocate proteins to correct intracellular locations (Young et al., 2004). 
In the branch of HSP family, HSP70 is one of the well-studied categories and is 
most widely used as a biomarker of stress which effectively integrates overall adverse 
effects on protein integrity (Kohler et al., 2007). The HSP70 family is coded for two 
genes, an inducible type (hsp70) and a constitutive type or heat shock cognate (hsc70). 
hsc70 is constitutively expressed in normal condition, but non-inducible or slightly 
expressed under stress. hsp70 can be induced from 1 to 1000-fold under stressful 
conditions (Lindquist, 1986), but return to a very low basal level under normal conditions. 
Activation of HSP70 chaperones can prevent protein aggregation, facilitate protein re-
folding and degradation of misfolded proteins, and assist in protecting protein synthesis 
(Mayer and Bukau, 2005). 
1.3.1 Regulation of hsp70 gene expression 
The transcription of hsp70 was mediated by heat shock factor 1 (HSFl). Under 
normal conditions, HSFl monomer is held in a repressed state by an interaction with 
HSP70 and HSP90. Upon on cellular stress and damaged proteins, HSFl is dissociated 
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from HSP90 and HSP70，freeing the HSFl to trimerize itself and translocate to the 
nucleus and undergoes a series process of post-translational phosphorylation. The 
phosphorylated HSFl activates the transcription of heat shock protein elements (HSE) 
including hsp90 and hsp70 genes, promoting the translation of both genes and thus 
producing more HSP70 to prevent cellular damages. The increased concentration of 
HSP90 and HSP70 can negatively regulate the transcription process by inactivating 
HSFl via binding to monomer or trimer of the transcription factor (Powers and Workman, 
2007) 
1.3.2 Review of studies on hsp70 of various species 
Due to the induction of hsp70 under various stressful conditions, the expressions 
of hsp70 at both transcriptional and translational levels have been served as biomarkers 
of environmental stress. Hsp70 induction is stressor-specific. Environmental stresses that 
have been shown to induce hsp70 gene expression or HSP70 production include 
temperature (Liu et al., 2004; Deane and Woo, 2005; Berger and Em let, 2007), metals 
(Roh et al., 2006; Deane and Woo, 2006) hydrogen peroxide (Martinez et al., 1999，2001, 
2002), pesticides (Gupta et al., 2007), xenobiotics (Maradonna et al., 2007)，pathogens 
(Deane et al., 2004), oxidative stress (Bernardini, 2004), food-deprivation (Cam et al., 
2005), ionizing radiation (Jonsson and Schill, 2007), and ultra violet (Bonaventura et al., 
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2005). However, hsp70 expression is species-specific. For example, Cd^^ induced hsp70 
gene expression in the nematode Caenorhabditis elegans (Roh et al., 2006)，but not in 
the zebrafish Danio rerio (Airaksinen et al., 2003). In addition, hsp70 induction is organ-
specific. For example, Cu^ "^  induced hsp70 expression in liver and gonads of D. rerio, but 
not in gills (Airaksinen et al., 2003). 
Many laboratory studies reported that hsp70 is a sensitive biomarker for detecting 
pollution (Roh et al., 2006; Maradonna and Carnevali, 2007), although some 
investigators questioned its sensitivity (Airaksinen et al., 2003; La Porte, 2005). The 
performance of hsp70 as the biomarker for detecting complex stressful conditions in field 
studies has also been investigated. Some studies confirmed that hsp70 is an effective 
biomarker of environmental stress due to its sensitivity, fast response, ease to perform 
and practicality in assessing water quality and biomonitoring (Hallare et al., 2005; 
Schroth et al., 2005; Kolhler et al., 2007), but other studies have found the opposite 
(Pyza et al., 1997; Wang et al., 2007). Since hsp70 is induced by various environmental 
stressors, it has been recognized as a biomarker of general stresses. This provides an 
additional advantage for accessing contamination in the real world conditions that 
involve multiple and complex stress interactions (Hallare et al., 2005). 
1.3.3 Review of studies using molecular methods in Daphnia and Moina 
Although the hsp70 expression has been widely studied in various species, few 
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studies have investigated the hsp70 induction in cladocerans. Most ecotoxicological 
research of cladocerans has focused on the median lethal concentration (LC50) or 
demographic measurements of sub-lethal effects such as growth, reproduction or other 
life history parameters (Wong, 1992; Nandini et al.，2007.; Sarma and Nandini，2006). D. 
magna is most widely used organism in ecotoxicity tests (Sarma and Nandini, 2006). 
Molecular analysis of the responses of Daphnia to environmental stress is gaining 
importance recently. The biomarkers studied include cytochrome P450 monooxygenase 
gene expression induced by polyphenol (David et al., 2003), induction of hsp83 mRNA 
by As (Chen et al., 1999), increase in HSP60 (Pauwels et al., 2005) and HSP70, HSP60 
and HSP40 protein level by predation stress (Pijanowska and Kloc, 2004) and increase in 
metallothionein protein level by metals (Barata et al., 2002; Guan and Wang, 2004; 
Martins et al., 2005; Guan and Wang, 2006). Array technologies such as suppression 
subtractive hybridization (Soetaert et al., 2006, 2007a), microarray (Soetaert et al., 2007b; 
Poynton et al., 2007), and differential display polymerase chain reaction (ddPCR) 
(Diener et al., 2004.) have also been applied to study the effects of environmental 
contaminants in D. magna. Several genes are identified to be up-regulated by the 
enivironmental stress such as exposure to metals (Soetaert et al., 2007b; Poynton et al., 
2007), starvation (Diener et al., 2004.) and exposure to fungicides (Soetaert et al., 2006, 
2007a). However, detailed analysis, such as dose-response relationship and time-course 
study, of those genes in the response to the stress has not been carried out. Thus, the 
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performance of these biomarkers has not been explored. Furthermore, in the study of 
Daphnia HSP70 as biomarker (Pijanowska and Kloc, 2004), protein measurements were 
used instead of an earlier and a more sensitive hsp70 gene transcription measurement due 
to the unavailability of genes. hsp70 gene expression at the transcriptional level can be 
analyzed by sensitive real-time PCR method which requires much smaller samples than 
protein assays. This is especially important for the measurement of hsp70 transcripts 
because cladocerans are small in size. 
For the other important cladoceran in tropical and sub-tropical regions, Moina sp., 
their analysis focused mainly on LC50 (Sarma et al.，2007), life history demography 
(Nandini et al., 2007), population growth (Mangas-Rami'rez et al., 2002; Garcia et al., 
2004), No study was attempted to use molecular measurement of Moina sp. (Yamamura 
et al” 1983). Application of molecular methods to analyze the effect of environmental 
stress on Moina is highly limited. 
1.4 Environmental stress studied 
Aquatic organisms in natural environment are subjected to various stresses. Among 
the environmental stresses that affect the survivorship, reproduction and population 
density, temperature, heavy metals and food quality are of paramount importance. 
Since the natural habitats of zooplankton are ponds, relatively silent river, or rice 
paddies that are swallow water system or systems with short water residence times, they 
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are easily subjected to substantial temperature fluctuations. Temperature plays an 
important role in controlling physiological state of zooplanktons. Higher temperature 
increases respiratory rate and reduces reproductive rate of cladocerans. The survivorship 
and reproduction are lower under suboptimal temperatures (Benider et al., 2002). 
Crustacean zooplanktons are the most sensitive to heavy metals in freshwater 
environment compared to many freshwater organisms such as fish, crabs, oysters (Mance, 
1987). Metal ions including Zn^^ and Cd^^ are common contaminants from industries 
such as mining, petrochemical and electroplating. Zr?^ and CcP— are chemically similar 
and usually share similar uptake pathways (Guan and Wang, 2004). While Zv?^ is an 
essential element, Cd^ "^  is a non-essential element of living organisms. Numerous studies 
have shown that both metal ions have adverse effects on survivorship (Semsari and 
Megateli, 2007), feeding rate (Orchard et al., 2002), growth rate (De Schamphelaere et 
al., 2007), reproduction rate (Janati-Idrissi et al., 2001) and population density (Garcia et 
al., 2004) of cladocerans. 
Anabaena sp. is a filamentous cyanobacterium or blue-green alga that is a common 
bloom former in freshwater environments. It is capable of surface-dwelling and scum-
forming, and some strains are toxin-producing (Paerl et al” 2001). It is well known that 
the toxins produced by cyanobacteria are harmful to animals (Carmichael, 1992). Non-
toxin producing strains are also harmful to planktonic organisms because the filaments 
may interfere with the filtering process of the zooplankton mechanically, thus reducing 
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filtration and feeding rates and causing dramatic reductions in growth rates (de Bernardi 
and Giussani, 1990). In addition, the nutritional value of cyanobacteria is inadequate and 
they are frequently characterized as nutritionally inferior to other phytoplankton (Gliwicz, 
1977; Porter, 1977; Lampert, 1987 a). All the factors, coupled with the digestion 
resistance (Demott and Tessier, 2002), indicate that cyanobacteria are poor quality food 
for zooplankton (Lampert, 1987 b; de Bernardi and Giussani, 1990; Muller-Navarra and 
Brett, 1997). 
1.5 Objectives 
In this study, the hsp70 of D. magna and M. macrocopa are cloned and sequenced. 
The effects of temperature (cold and heat stress), metal ions (CcP. and Zn^^), and food 
quality {Anabaena sp. and Chlorella sp.) on the life-history parameters and hsp70 gene 
expression of D. magna and M. macrocopa are investigated. The development of 
sensitive and quantitative real-time PCR assay for specific measurements of hsp70 
transcripts of D. magna and M. macrocopa upon exposure to environmental stressors is 
reported. The performance and the sustainability of hsp70 expression in D. magna and M. 
macrocopa as a biomarker of environmental stress are discussed. In addition, the 
feasibility of D. magna and M. macrocopa as biological models are verified. 
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CHAPTER TWO 
Materials and Methods 
2.1 Experimental Organisms 
Moina macrocopa and Daphnia magna populations that have been cultured in our 
laboratory for more than ten years were used in this study. To minimize polymorphism in 
the nucleotide sequences, all individuals of each species used in this study were derived 
from a single parthenogenetic female. 
Cladocerans were maintained in 20-^m filtered water from a large aquarium (pH 
at 7.58-8.03, water hardness at 74.57 mg equivalent CaCOs L'\ conductivity at 0.1- 0.7 
mS /cm, redox potential at +251 -260 mV). The cultures were maintained at a LD 12:12 
light-dark cycle. Water temperature was maintained at 25土 1 � C for M. macrocopa and 
20士 1°C for D. magna. The animals were fed daily with C. pyrenoidosa cultivated in 
modified complete medium (MCM) (Chan, 1985). Cells used to feed the animals were 
centrifuged (4000 g), washed twice in distilled water, and resuspended in distilled water 
at concentrations of ~ 1 x 1 c e l l s mL'\ Food concentration was 1 x 10^  cells mL'' for 
M. macrocopa and 5 x 1 0 ^ cells mL.� for D. magna was fed. Preliminary experiments 
showed that these food concentrations supported maxim urn growth and reproduction for 
these cladocerans. 
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2.2 The effects of temperature, metals and nutritional stress on cladocerans 
To study the effects of temperature, M. macrocopa was exposed to 18, 25 and 
35°C and D. magna was exposed at 14, 20 and 25°C. Water temperature was adjusted 
and maintained by partially submerging the test tubes (demographic measurement) or 
beakers (molecular measurement) containing the animals in a water bath incubator. C. 
pyrenoidosa was provided as food at 1.0 x 10^  cells mL"^  for M macrocopa and at 5 x 
10^  cells ml/i for D. magna. 
Metal stress was studied using Zn^^ and Cd^ "^ . 48-h LC50 values of Zn^ "" and 
Cd2+ for Daphnia sp. and Moina sp. were obtained from the literature (Chapman et al., 
1980; Spehar et al, 1984; Wong and Wong, 1990; Wong, 1992) and listed in Table 2.1. 
Their validity of these values for D. magna and M. macrocopa cultured in our laboratory 
was confirmed in preliminary experiments which showed that mortality after 48 h of 
exposure to these concentrations was close to 50%. Stock solutions of metal ions were 
prepared by dissolving the metallic salts ZnCl2.7H20 and CdCb in distilled water. Test 
solutions were prepared by adding aliquots of stock solution to filtered aquarium water. 
C. pyrenoidosa was added as food at 1x10^ cells mL"^  for M macrocopa and 5 x 10^  for 
D. magna. Metal concentrations used for tests were tabulated in Table 2.1. Test solutions 
were renewed every 24 h to minimize the algal uptake of metals and the dietary uptake of 
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Table 2.1 48-h LC50 values of CcP and Zn^^ for Daphnia sp. and Moina 
macrocopa. Data were obtained from the literature. 
48-h 95% cofident limit Metal concentrations tested 
Cladoceran Metal LC50 (mg L"^ ) (% of 48-h LC50) 
(mg L-i) 
mean upper lower sWo 10% 
Zn2+ 0.655a 0.552 0.763 0.3 / 0.06 
D. magna 
Cd2+ 0.166b 0.124 0.221 0.1 / 0.02 
M Zn2+ 1.17c / ‘ 0.6 0.3 / 
macrocopa CcP 0.31^ / ‘ 0.15 0.08 / 
a. Chapman et al, 1980 
b. Spehar, 1984 
c. Wong, 1992 
d. Wong and Wong, 1990 
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metals by cladocerans. To obtain actual metal concentrations, test solutions were 
filtered with 0.45 |Lim filter paper to exclude algae and other particles. Concentration of 
dissolved metals was then determined graphite-furnace and flame atomic absorption 
spectrophotometry (AAS). All experiments on the effects of metals conducted at 25°C 
for M. macrocopa and at 20°C for D. magna. 
The potential effect of nutritional stress on M. macrocopa was studied using the 
blue-green algae Anabaena sp. M macrocopa fed with C. pyrenoidosa was used as 
control. Pure cultures of Anabaena sp. (Carolina Biological Supply Company) were 
cultivated in Alga-Gro® freshwater medium. Algal cells were centrifuged (4000 g), 
washed twice in distilled water, and resuspended in distilled water. In order to eliminate 
differences in biomass，Anabaena sp. and C. pyrenoidosa were given to M. macrocopa at 
the same chlorophyll a concentration. C. pyrenoidosa was tested at 1 x 10^ cells mL'\ 
Chlorophyll a concentration of test solution containing C. pyrenoidosa at 1 x 10 cells 
ml/i was determined fluorometer (Turner lOAU-000). Solutions containing Anabaena at 
chlorophyll a concentration equivalent to 10^  cells rtiL"^  of C. pyrenoidosa were then 
prepared and used for tests. All experiments were conducted at 25°C. 
2.3 Demographic measurement 
The effects of temperature, metals and nutritional stress on the life history of M. 
macrocopa were studied. For D. magna, only the effects of temperature were studied. 
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Demographic effects of metals on D. magna were obtained from the literature. 
All experiments were conducted in glass culture tubes (13 mm diameter, 100 mm 
length) containing 20-|Lim of test medium. Neonates (< 24 h) were collected from egg-
bearing adult females isolated in small beakers. An experiment began when neonates 
were added individually to the culture tubes. Test animals were transferred at about same 
time daily to clean tubes containing freshly prepared test medium. At the time of each 
daily transfer, the survival of the original test animals and the number of newly released 
neonates at each treatment and control were recorded. Moribund animals were examined 
under a dissecting microscope and individuals without heartbeat were considered dead. 
When the animals began to reproduce, the number of young released were counted and 
removed. For M. macrocopa, each animal was studied throughout its entire lifespan. 
Life history parameters recorded include lifespan, median lethal time (LT50)，age at first 
reproduction, body length at death, number of brood per female, number of young per 
brood, and number of young per female. Experiments for D. magna lasted 21 days. Life 
history parameters including age at first reproduction, body length at death, number of 
brood per female, number of young per brood, and number of young per female were 
recorded. For each species, body length from the top of the head to the posterior edge of 
the carapace and was measured under a dissecting microscope with an ocular micrometer. 
Twenty animals or replicates were used for each treatment and control. 
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2.4 Cloning and sequencing of ZX magna and M macrocopa hsp70 
The sequences of the hsp70 gene for M macrocopa and D. magna are not 
available, therefore the hsp70 of both species were cloned and sequenced so that their 
hsp70 gene expression levels in response to the environmental stress could be determined. 
2.4.1 Acute heat shock 
D. magna and M macrocopa were acclimated to laboratory conditions at 20 and 
25°C respectively prior to heat shock experiments. For each species, 40 neonates were 
randomly divided into two groups and transferred to small beakers containing 20 ^m-
filtered aquarium water. For 2 h, one group was subjected to acute heat shock and other 
group was exposed to their acclimated temperature (20°C for D. magna and 25�C for M. 
macrocopa). At the end of the temperature treatment, D. magna was transferred with a 
dropper onto Kimwipe tissue paper to remove excess water. The much smaller M 
macrocopa was difficult to collect from the tissue paper, therefore individuals were 
transferred onto a 100 |LIM nylon cell strainer (BD Falcon™) and excess water was 
absorbed through the cell strainer by tissue paper. The samples were put into liquid 
nitrogen immediately and stored at -80°C. 
2.4.2 Total RNA extraction 
Total RNA of cladocerans was extracted using TriPure Isolation reagent (Roche 
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Diagnostics Corporation) according to manufacturer's instructions. One ml of TriPure 
reagent was added to each cladoceran sample and the mixture was homogenized until all 
tissue was dissolved. Chloroform (200 |iL) was added to the samples and the mixture 
was centrifuged at 12,000 rpm for 15 min. The clear aqueous phase containing RNA was 
transferred into a new microcentrifuge tube, and the RNA was precipitated by adding an 
equal volume of isopropanol. The pellet was washed in 1 ml of 75% ethanol and 
resuspended in 30 |LIL of diethylpyrocarbonate (DEPC) -treated water. 
Concentrations and purity of total RNA were determined spectrophotometrically 
at 260 and 280 nm using a Hitachi U-2800 Spectrophototmeter with 1-cm path quartz 
cuvette. Typical 260 nm/280 nm ratios were between 1.6 and 2.0. The integrity of the 
RNA samples was checked using 1.2% agarose-formaldehyde gel. The RNA samples 
were stored at -80°C until use. 
2.4.3 Reverse transcription and polymerase chain reaction (PCR) 
First-strand complementary DNA (cDNA) was synthesized from 1 |Lig total RNA 
by reverse transcription following standard protocols. For each sample, RNA was heated 
with 1 \iL of a 25mM random primer mix at 70°C °C for 10 min, followed by rapid 
cooling on ice. 1 \xL of ImProm-II™ Reverse Transcriptase (Promega Corp., USA), 4 jiL 
of 5x ImProm-IlTM reaction buffer, 3 pL of 1.5 mM MgCb, l^iL of 25mM dNTP were 
added to obtain a final volume of 20 \iL. The mixture was incubated at 25°C for 5 min 
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and at 42°C for 1 h. The reaction was terminated by heating at 70°C for 15 min. The 
reactions were stored at -38°C. 
The integrity of the first strand cDNA was confirmed by PCR amplification of 18s rRNA 
gene. For PCR, oligonucletide primers were designed from the nucleotides sequences of 
18s rRNA cloned genes of D. magna and Moina affinis respectively. PCR was 
performed with different primer combinations in 25-|iL reactions. The gene specific 
primer-sets used were DlSsrtFl and DlSsrtRl for Daphnia sp. and MlSsrtFl and 
MlSsrtRl for Moina sp. (Table 2.2). For each sample, 2 \lL of cDNA template was 
mixed with 2.5 ^L of lOx PCR buffer, 1.25 |iL of 25 mM MgCb, 0.5 i^L of 10 mM dNTP, 
0.5 \iL each of two selected primers (lOmM), 0.25 \iL of Taq DNA polymerase and 17.5 
\iL of autoclaved distilled water. The negative control contained all reaction components 
except the cDNA template. The PCR for 18s rRNA was carried out in a thermocycler 
(Dice, Takara) as follows: 1 cycle of initial denaturation at 94°C for 2 min, 35 cycles of 
denaturation at 94°C for 30 s，annealing at 58°C for 30 s, extension at 70°C for 45 s and 
an extra cycle of extension at 70°C for 10 min. 
The PCR product was mixed with 6x gel-loading buffer and analyzed together 
with DNA ladder on 1.5% (w/v) agarose gel. Electrophoresis was performed at a 
constant voltage of 120V in a gel tank with TAE buffer. The gel was stained in 10 ml" 
1 ethidium bromide solution and visualized on a UV transilluminator at 300nm. 
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Table 2.2 Nucleotide sequences of oligonucleotide primers used in RT-PCR. 
Primer name Nucleotide sequence PCR product 
DlSsrtFl 5'- TTTAAC GAG GAA CCATTG GA-3' 70 bp 
D18srtRl 5’- ATA CGC TAT TGG AGC TGG AGT T-3' 
MlSsrtFl 5'- CGC GAA TGG CTC AAT AAATCA-3’ 101 bp 
MlSsrtRl 5，- GAA GAA GCT TGT TTG CAC GTA-3' 
HSPTOdegF 5'-GTI TTY CAR CAY GGIAAR GTI-3‘ 402 bp 
HSPTOdegR 5，-RTC RTT RAA RTAIGC IGG IAC-3' 
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2.4.4 Degenerative PCR 
Forward and reverse degenerative primers were designed based on known highly 
conserved regions of HSP70 gene of various species (Figure 2.1) using CLUSTAL X 
(1.81) multiple sequence alignment program. They were designated HSPTOdegF (5，-GTI 
TTY CAR CAY GGI AAR GTI-3，）and HSPTOdegR (5,-RTC RTT RAA RTA IGC IGG 
IAC-3') and were used to amplify the partial HSP70 gene using the first-stranded cDNA 
template. Expand^'^ High Fidelity PCR System (Roche) was used for the degenerative 
PCR. For each sample, 1 |LIL of cDNA template was mixed with 5 \iL of lOx PCR buffer, 
3 |iL of 25 mM MgCb, 1 |LIL of 10 mM dNTP, 1 |iL each of two degenerative primers 
(lOmM), 0.5 i^ L of High Fidelity DNA polymerase and 36.5 j^ L of autoclaved distilled 
water. The negative control contained all reaction components except the cDNA 
template. 
The PCR reaction was performed in a thermal cycler (Dice, Takara) under the following 
conditions: 1 cycle of initial denaturation at 94�C for 2 min, 35 cycles of denaturation at 
94°C for 30 s, annealing at 56�C for 30 s, extension at 68°C for 40 s and an extra cycle of 
extension at 68°C for 10 min. The amplified products were electrophoresized in 1.5% 
agarose gel. Products having the expected size of about 400 bp were cut and purified 
















































































4 EKQKEIEKVCNPIITKLYGQAG GMLADSLVVWRSSSGCYCSRCWNRQWPNY—— 
5 HKQKELEKVCNPIISKLYQG GMPT GATCGEQARAGSQG—PTIEEVD 
6 HKREELERVCNPIISGLYQGA GAPG AGGFGAQAPKGGSGSGPTIEEVD 
氺 ： 氺 * 氺 * * : ： 氺 氺 . 氺 . * . 
Figure 2.1 Multiple alignment of hsp70 amino acid sequences for various species. 1. 
Penaeus monodon (AAQ05768), 2. Pachygrapsus marmoratus (ABA02164), 3. 
Crassostrea gigas (CAC83009), 4. Artemia franciscana (AAL27404), 5. Oreochromis 
mossambicus (CAA04673) and 6. Rattus norvegicus (CAA54423) (accession numbers in 
blankets). Identical amino acid sequences are indicated by asterisks. Degenerative 
forward and reverse primers, HSPTOdegF and HSP70degR, were designated in the 
conserved regions and their positions are shaded. 
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2.4.5 Cloning and sequencing of hsp70 partial sequence 
Gel purified DNA fragment was concentrated by vacuum centrifuge (DNA Speed 
Vac®) and ligated into plasmid vectors (Promega). 3 |uL of the purified DNA was added 
with 5 |LIL of 5x ligation buffer, 1 [iL of pGEM-T Easy vector and 1 |LIL of T4 
polynucleotide kinase (Promega). The reaction mixture was incubated at 4°C overnight. 
The plasmid DNA after ligation to the DNA fragments was transformed into thawed 
Escherichia coli (E. coli) strain DH5a competent cells on ice. The ligation mixture was 
added to 100 |uL of competent cells, and kept on ice for 30 min. The cells and plasmid 
was heat-shocked at 42°C for 75 s and ice-chilled immediately for 5 min. 900 \iL of 
Luria-Bertani (LB) medium was added to the mixture and incubated at 3TC for 45 min. 
The cells were concentrated by centrifugation at 6,000 x g for 10 min and then 
resuspended into 100 \iL LB solution. The concentrated cells were spread on a LB agar 
plate containing 1 jig ml'' ampicillin together with 15 |LIL of 20 mg ml"' 5-bromo-4-
chloro-3-indolyl-P-D-galactoside (X-gal) and 15 |LIL of O.IM Isopropyl- P-D-
thiogaloactopyranoside (IPTG) for blue-white screening. The plate was then incubated 
for 16 h at 37°C. White bacteria colonies was selected against the blue colonies and 
picked to strip on a new LB plate for bacteria growth at 37°C for 16 h. PCR was 
performed to check the insert size of the positive white plaques. For each sample, a part 
of the bacteria colony was added as template into aliquot PCR master mix containing 2.5 
|iL of lOx PCR buffer, 1.25 |aL of 25 mM MgCb, 0.5 i^L of 10 mM dNTP, 0.5 ^L of 
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lOmM universal primers T7 and SP6, 0.25 |IL of Taq DNA polymerase and 17.5 |LIL of 
autoclaved distilled water. The negative control contained all reaction components 
except the template was used. The PCR was performed under the following conditions: 
1 cycle of initial denaturation at 94°C for 2 min, 35 cycles of denaturation at 94°C for 30 
s, annealing at 58°C for 30 s, extension at 70°C for 40 s and an extra cycle of extension 
at 70°C for 10 min. The amplified products were electrophoresized in 1.5% agarose gel. 
Three positive colonies with expected size of the insert were transferred into 3 ml of LB 
medium with 3 |LIL of ampicillin in a 15 ml snap-capped culture tubes. The culture was 
incubated overnight at 37°C with shaking at 250 rpm. 
The plasmid DNA was purified by QIAprep� Spin Miniprep Kit (QIAGEN) 
following manufacturer's instructions. Plasmid DNA was sequenced by Technology 
Dragon Limited Company. Resultant nucleotide sequences were subjected to tblastn 
searches in GenBank to ensure that the cloned partial sequences were coding for hsp70. 
Specific forward and reverse primers for D. magna and M. macrocopa were then 
designed for rapid amplification of cDNA ends (RACE) in order to clone the full 
sequence of hsp70. Their sequences were tabulated in Table 2.3. 
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Table 2.3 Nucleotide sequences of oligonucleotide primers used in 3' and 5' RACE. 
Primer name Nucleotide sequence Orientation 
DhspTOsF 1 5，-TAG GTT GCG TTT ACC GAC ACA-3 ‘ Sense 
DhspTOsRl 5’-TTC AGC CGT CTC CTT CAT CTT-3， Antisense 
Mhsp70sFl 5'-CAT CAT ATG TCG CCT TCA CC -3' Sense 
Mshp70sRl 5'-GCT TTG AAC AGT GGC ATC AT-3' Antisense 
3, RACE adaptor 5'- GGC CAC GCG TCG ACT AGT AGT / 
primer ACT TTT TTT TTT TTT TTT T-3 ’ 
3'RACEAUAP 5，-GGC CAC GCG TCG ACT AGT AC-3' / 
GeneRacer™ 5，-GCT GTC AAC GAT ACG CTA CGT / 
Oligo dT Primer AAC GGC ATG AC A GTG (T)24-3， 
GeneRacer™ 5' 5'-CGA CTG GAG CAC GAG GAC ACT / 
RACE primer GA-3' 
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2.4.6 Rapid amplification of cDNA ends (RACE) 
To obtain full-length 5' and 3，ends of cDNA using the known hsp70 cDNA 
sequences of both D. magna and M macrocopa, 5，and 3' RACE were performed. The 
5' and 3' ends of the hsp70 were amplified using total RNA of M. macrocopa and D. 
magna as template. Rapid Amplification of cDNA Ends kit (Invitrogen Life 
Technologies) was used to synthesize single-strand cDNA for 3’ RACE reaction. An 
Oligo-dT adapter primer with poly(T) tail was used to convert mRNAs into cDNA using 
reverse transcriptase (RT). Specific cDNA was then amplified by PCR using a gene-
specific forward primer (DhspTOsFl for D. magna and MhspTOsFl for M. macrocopa) 
that anneals to a region of known exon sequences and the adapter primer (AP). The 
primer sequences were tabulated in Table 2.3. The 3' RACE reactions were performed 
following the instructions provided by the manufacturer. One |Lig of total RNA was 
diluted with DEPC-treated water to a final volume of 11 |iL in a 0.5-ml microcentrifuge 
tube. For each sample, the diluted total RNA was mixed with 1 |iL of 10 fiM AP and 
heated to 70°C for 10 min. After ice chilled for 1 min, the mixture was added with 2 i^L 
of lOx PCR buffer, 2 ^L of 25 mM MgCb, 1 |LIL of lOmM dNTP mix and 2 ^L of 0.1 M 
DTT. The mixture was equilibrated to 42°C for 3 min, then mixed with 1 i^L of 
superscript™ II RT. The reaction was terminated at 70°C for 15 min. After ice chilled, 1 
\iL of RNase H was added to each the reaction mixture and incubated for 20 min at 37°C. 
The target cDNA was then amplified by the Expand^'^ High Fidelity PCR System (Roche) 
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using 1 |xL of the RACE-ready first-strand cDNA. The primer used in the PCR included 
1 |LIL of 10 mM abridged universal amplification primer (AUAP) and 1 |IL of gene 
specific forward primer (DhspTOsF for D. magna and Mhsp70sF for M. macrocopa). The 
RT-PCR was performed under following conditions: 1 cycle of initial denaturation at 
94°C for 2 min, 35 cycles of denaturation at 94°C for 30 s, annealing at 58�C for 30 s, 
extension at 68°C for 2 min 30 s and an extra cycle of extension at 68°C for 10 min. 
The gene racer kit (Invitrogen Life Technologies) was used to synthesize single-
strand cDNA for the 5' RACE reaction according to the manufacturer's protocol. The 
total RNA with the 5' phosphates and the 5' cap structure removed was ligated to 
GeneRacer™ RNA Oligo using T4 RNA ligase. The ligated mRNA was reverse 
transcribed by SuperScript™ III RT and the GeneRacer™ Oligo dT Primer to create 
RACE-ready first-strand cDNA with known priming sites at the 5' and 3' ends. The first-
strand cDNA was then amplified by the Expand™ High Fidelity PCR System (Roche) 
using a reverse gene-specific primer (DhspTOsRl for D. magna and Mhsp70sR2 for M. 
macrocopa) and the GeneRacer™ 5' Primer. The primer sequences were tabulated in 
Table 2.4.2. Touch down PCR was performed for the 5' RACE reaction under the 
following conditions: 1 cycle of initial denaturation at 94°C for 2 min, 5 cycles of 94�C 
and 72 °C, 5 cycles of 94�C and 70 °C, 25 cycles of denaturation at 94 °C for 30 s, 
annealing at 60°C for 30 s, extension at 6 8 � C for 40 s and an extra cycle of extension at 
68 X f o r 10 min. 
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The 5' and 3' RACE products were loaded onto 1.5% agarose gel for 
electrophoresis. Products with expected sized (about 2000 bp for 3' RACE and about 
500 bp for 5’ RACE) were cloned into pGEM-T Easy vector (Promega) as described 
earlier. Positive clones were sequenced by Technology Dragon Limited Company. 
Resultant nucleotide sequences were subjected to BLAST searches in GenBank to ensure 
that the cloned sequences were coding for the hsp70. 
2.4.7 Confirmation of D. magna and M. macrocopa hsp70 sequences 
After the sequences were aligned, specific primers for both D. magna and M. 
macrocopa were designated for final confirmation of the entire hsp70 sequences. The 
primers were designated as Dhsp70sF2 (5’-ATG GCA AAG AAA GCC CCA TGC-3,) 
and Dhsp70sR2 (5'- ACC ACA ACT TGT AAC GGA CTA GG-3,) for D. magna, and 
Mhsp70sF2 (5’- CAT CAT ATG TCG CCT TCA CC -3，）and Mhsp70sR2 (5'- GCT TTG 
AAC AGT GGC ATC AT-3，）for M. macrocopa. Expand™ High Fidelity PCR System 
(Roche) was used to amplify the cDNA. The PCR products were electrophoresized in 
1.50/0 agarose gel. Products with expected sized were cloned into pGEM-T Easy vector 
(Promega) as described earlier. 3 Positive clones were sequenced by Technology Dragon 
Limited Company. The real nucleotide sequences were translated into amino acid 
sequences and compared with the gene library ofNCBI. Alignments were made using the 
cloned nucleotide sequences and the predicted amino acid sequences with those of other 
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species by blasting the gene library of NCBI. 
2.5 Molecular measurements - heat shock protein 70 gene expression 
2.5.1 Sample collection 
For M. macrocopa, the effects of temperature, metals and nutritional stress on 
hsp70 gene expression were studied. For D. magna, only the effects of temperature and 
metals were studied. All experiments were conducted in 100 mL beakers. Egg-bearing 
adult females were isolated one day before exposure experiment to collect neonates (< 
24h) of nearly the same age on the next day. Each beaker contained 100 mL of test 
medium. For D. magna, about 15 neonates were pooled as a replicate (n=8). For the 
much smaller M. macrocopa, about 25 neonates were pooled as a replicate (n=8). Test 
animals were transferred at about same time daily to clean beaker containing freshly 
prepared test medium adjusted to the correct temperature. Newborns were discarded at 
the time of transfer. After the exposure (24, 48 and 96h), the animals were collected. D. 
magna were transferred with a dropper onto Kimwipe tissue paper to remove excess 
water. The much smaller M. macrocopa were transferred onto a 100 jxM nylon cell 
strainer (BD F a l c o n ™ ) and the excess water was absorbed through the cell strainer by 
tissue paper. The animals were immediately frozen in liquid nitrogen and stored at -80 
°C. Their total RNA were extracted and reverse transcripted according to sections 2.4.2, 
2.4.3 and 2.4.7. 
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2.5.2 Quantification of cDNA level by real-time PCR 
2.5.2.1 Primer design 
Specific primers for D. magna and M. macropocopa 18s rRNA and hsp70 genes 
were designed using the online tool, Real-time Primer Design Program, provided by 
Genscript Corporation (https://www.genscript.com/ssl-bin/app/primer). Specific primers 
were designed spanning over two exons at the intro-exon junction sites to avoid the 
primers binding onto the genomic DNA sequences and amplifying contaminated DNA in 
the samples. The program also checked for avoidance of hair-pin formation and primer-
dimer formation. The melting temperature (Tm) of the primers ranged from 58 to 60°C 
and amplified for amplicon size ranged from 50 to 150 bp. The primer sequences were 
tabulated in Table 2.4 
2.5.2.2 Validation of real-time PCR conditions 
Real-time PCR was performed to compare the hsp70 genes expression levels at 
the mRNA transcriptional level for D. magna and M. macropocopa in response to metal 
and temperature stress. Real-time aPCR was carried out with Brilliant® SYBR® Green 
qPCR Master Mix (Stratagene⑧）in 25 |xL of reaction mixtures by using the hsp70 gene-
specific primers and house-keeping gene 18s ribosomal RNA primers (Table 2.4) in the 
real-time machine ABI PRISM® 7700 Sequence Detection System (Applied Biosystems). 
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Table 2.4 Sequences of hsp70 and 18s rRNA primer of D. magna and M macrocopa 
for real-time PCR 
Primer name Sequence (5’ to 3') Size of PCR 
product 
DlSsrtFl 5'- TTTAAC GAG GAA CCATTG GA-3' 70 bp 
DlSsrtRl 5,- ATA CGC TAT TGG AGC TGG AGT T-3’ 
M18srtF 1 5 ’ - CGC GAA TGG CTC A AT AAA TCA-3 ‘ 65 bp 
Ml 8srtRl 5'- GAA GAA GCT TGT TTG CAC GTA-3' 
DhsprtFl 5,- CCA AGC GCA CCT TAT CTT CT -3' 65 bp 
DhsprtR 1 5 ’ - A AT GCC TTC GTA GAG CGA GT -3 ’ 
MhsprtF 1 5，- AAC CCA AG A TCC AGG TTG GA -3' 120 bp 
MhsprtRl 5，-AAA CCT TGG TGC CCAAATAG -3’ 
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First-strand cDNA obtained from D. magna and M. macrocopa was used as 
templates to establish standard curves. For each real-time PCR run, 1 |iL of 1 pmol 
forward and reverse primers were added to 12.5 |LIL Brilliant® SYBR® Green qPCR 
Master Mix, 9 \iL of autoclaved distilled water and 1 ^ L of the first-strand cDNA mixture. 
Five serials of two-fold dilution were prepared from cDNA samples and were used to 
establish the standard curves. Based on the standard curves, the optimal cycle thresholds 
(Ct) were determined for the hsp70 and 18s. The PCR program consisted of 1 cycle of 
initial denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 30 s, 
annealing at 60�C or 58°C for 30 s and extension at 70�C for 30 s. The fluorescence was 
read after the extension in each cycle. Finally 50-90°C with a 0.5°C increment and 1 s 
for each temperature was used to obtain the melting curve. 
The efficiency of the PCR amplification protocol or gene-specific primers was 
analyzed by one cDNA sample with five serial dilutions. Real-time PCR of hsp70 and 
18s for both D. magna and M. macrocopa were run using the above thermal-cycle 
programs. Delta Ct (threshold cycle) were calculated for both cladocerans using the 
relationship: 
ACx = Ct (target gene) — Ct (house-keeping gene) 
Efficiency plots of delta Ct (zl Ct) against log concentration were established when the 
slope of the curve was close to zero. A melting curve analysis was carried out to verify 
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primer-dimer formation of gene-specific primers. The fluorescence readings during a 
gradual increase in temperature were recorded and fluorescence changed against 
temperature was determined. Each gene had its own specific dissociation temperature. 
Appearance of two or more peaks indicated PCR products other than the target gene had 
been amplified. A no template control (NTC) was used in each set of real-time PCR run 
so that contamination could be detected. 
2.5.2.3 Determination of hsp70 gene expression levels 
An identical thermal-cycle program was used for all targets of the hsp70 and 18s 
rRNA gene. PCR amplifications were performed in triplicate wells. The PCR program 
consisted of 1 cycle of initial denaturation at 95°C for 10 min, 40 cycles of denaturation 
at 95°C for 30 s, annealing at 60°C or 58�C for 30 s and extension at 70�C for 30 s. The 
fluorescence was read after the extension in each cycle. Finally 50-90°C with a 0.5°C 
increment and 1 s for each temperature was used to obtain the melting curve. 
After running real-time PCR, the values of the threshold cycle (Ct) of each of the 
two genes (hsp70 and 18s) of each cDNA sample were obtained from the amplification 
plot. Hsp70 was the target gene while 18s was the house-keeping gene. The fold 
induction of hsp70 gene expression in each sample was calculated by a comparative Ct 
threshold method (Giulietti, et al” 2001) using the following equation: 
Relative fold induction of target gene mRNA = 2 (�]��of control- ic of treated) 
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where Z l Q Ct (target gene) - Q (house-keeping gene) 
The Ct of the target gene in the samples was normalized with the Ct of the house keeping 
gene by subtracting the Ct of hsp70 from Ct of 18s. The relative fold induction of the 
target gene hsp70 mRNA in each sample was determined. Each group was compared 
with the group with the same exposure time. 
2.6 Statistical analysis 
The effect of temperature, metal and nutritional stress on each life history 
parameter or hsp70 fold induction levels was tested with one-way ANOVA. Turkey 
multiple comparison test was applied when one-way ANOVA indicated that the effect of 
a factor was significant. For data that only required comparison between treatment and 





3.1 Demographic measurements 
3.1.1 Effects of temperature on life history parameters of M macrocopa 
Survivorship curves and the life history parameters of M. macrocopa at different 
temperatures are presented in Figure 3.1 and Table 3.1 respectively. High temperature 
reduced the lifespan of M macrocopa (Table 3.1). Average lifespan was significantly 
shorter at 35°C than at 25 and 18°C. Maximum lifespan was 22 days at 18°C, 16 days at 
25°C, and only 7 days at 35�C. 
M macrocopa reproduced earlier at higher temperatures (Table 3.1). At 35°C, 
about 20% of the females did not reproduce and more than half of the females released 
their first brood after 2 to 3 days. At 18°C, no female began reproduction until after 3 
days and the average age at first reproduction was 5.7 days. High temperature strongly 
affected the animal's reproductive performance. Both the average number of broods per 
female and the average number of young per brood were significantly lower at 35°C than 
at 18 and 25°C. As a result, the average total number of young produced by each female 
during her entire lifespan was significantly lower at 35°C compared to 18 and 25°C. 
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Table 3.1 Life table parameters of Moina macrocopa at different temperatures. 
Data are means 士SE. For each parameter, means denoted by different letters are 
significantly different from each other (One-way AN OVA & Tukey multiple 
comparison test, P < 0.05). 
Temperature (�C) fs ^ ^ 
Lifespan (days) 18.9 士 0.6 b 10.4 士 0.6 a 4.5 士 0.1 c 
LT50 ^ 18.6 9.2 4.0 
Age at first 5.7 ± 0.1 b 3.5 ± 0.1 a 2.1 士 0.2 ^  
Reproduction (days) 
Number of broods 5.0 士 0.2 a 5.5 ± 0.5 a 2.3 土 0.2 b 
per female 
Number of young 28.0 ± 0.9 a 21.8 士 0 .6a 11.1 ± 1.1 b 
per brood 
Number of young 140 ±37 a 3 0 ± 1 1 � 
per female 
1 difference among treatments not testable 
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Figure 3.1 Survivorship curves of Moina macrocopa (A) and Daphnia magna (B) at 
different temperatures. 
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3.1.2 Effects of temperature on life history parameters of Z). magna 
Survivorship curves and the life history parameters of D. magna at different 
temperatures are presented in Figure 3.1 and Table 3.2 respectively. The slopes and 
shape of the survivorship curves did not differ significantly between 14 and 25°C. Body 
length after 21 days also did not differ significantly among temperatures. 
The age at first reproduction did not differ significantly among temperatures. 
High temperature affected the reproductive performance of D. magna. The average 
number of brood per female did not differ significantly between 25°C and 20°C, it was 
lower at 14°C. The average number of young per broods was significantly lower at 25°C 
than at 14 and 20°C. The average number of young per female was significantly lower at 
25°C than at 20°C. 
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Table 3.2 Life table parameters of Daphnia magna at different temperatures 
used. Data are means 士SE. For each parameter, means denoted by different 
letters are significantly different from each other (One-way ANOVA & Tukey 
multiple comparison test, P < 0.05). 
Temperature (�C) 14 ^ ^ 
Body Length on day 21 3.11 ±0.03 4.6 ±0.03 3.1 ±0.04 
(mm) 
Age at first 17.9 ±1.59 15.6 ±1.60 14.0 ±1.07 
Reproduction (days) 
Number of broods 1.22 ± 0.13 b 1.90 ±0.21 a 2.1 士 0.18 a 
per female 
Number of young 4.72 士 0.57 a 4.91 ±0.56 a 2.19 ± 0.13 b 
per brood 
Number of young 5.33 ± 0.47 b,c 8.25 士 0.76 a 4.55 士 0.39 c 
per female 
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3.1.3 Effects of Metals on Life History Parameters of M, macrocopa 
The 48-h LC50 values for Cd^^ and Zn^^ on M. macrocopa were within the 
ranges of those reported in previous studies carried out in this laboratory (Wong and 
Wong, 1990; Wong, 1992). 
The actual concentrations of Zv?^ and Cd^^ in experiments were measured by 
AAS and presented in Table 3.3. Similarity between actual and nominal concentrations 
indicated that absorption by algae was not significant. 
Survivorship curves of M. macrocopa at different concentrations of Cd^^ and Zr?^ 
are presented in Figure 3.2. . The chronic effects of Zn^^ and CcP. on the life history 
parameters of M macrocopa are summarized in Tables 3.4 and 3.5. Metals reduced the 
lifespan of M. macrocopa. Average lifespan was significantly shortened by exposure to 
Cd2+ at both 0.08 and 0.15 mgL"^  or approximately 25% and 50% of the 48-h LC50. 
Zn2+ at 0.6 mgL'^  or approximately 50% of the 48-h LC50 was needed to significantly 
shorten average lifespan. 
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Table 3.3 Nominal and actual concentrations of Zn^^ and CcP used in exposure 
experiments for M. macrocopa and D. magna. Data are means with SD. 
Metal Nominal concentration Measured concentration 
(mgL_i) (mg L"') 
Zn'+ 0 3 0.340 ±0.003 
0.6 0.608 ±0.001 
Cd2+ 0.08 0.079 ± 0.003 
0.15 0.148 ±0.002 
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Figure 3.2 Survivorship curve of Moina macrocopa at different concentrations of 
Zn2+ and Cd^^ 
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Table 3.4. Life table parameters of Moina macrocopa at different concentrations of 
Zn2+. Data are means with SE. For each parameter, means denoted by different 
letters are significantly different from each other (One-way ANOVA & Tukey 
multiple comparison test, P < 0.05).. 
Control Zi?^ 
Concentration (mgL-') 0 O 
Lifespan (days) 8.10 ±0.71 a 8/70 ± 0.33 a 5.85 士 0.57 b 
LT501 8.26 8.97 5.98 
Age at first 3.11 士 0.08 2.80 士 0.13 3.40 ±0.27 
Reproduction (days) 
Number of broods 3.40 ±0.34a 3.40 士 0.17 a 1.60 士 0.34 ^ 
per female 
Number of young 6.43 士 0.69 ^ 4.34 士 0.32 b 2.93 士 0.79 ^ 
per brood 
Number of young 20.75 ±2.18 a 14.0 ± 0.61 ^ 5.70 ± 1.16 ^  
per female 
1 difference among treatments not testable 
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Table 3.5 Life table parameters of Moina macrocopa at different concentrations of 
Cd2+. Data are means with SE. For each parameter, means denoted by different 
letters are significantly different from each other (One-way ANOVA & Tukey 
multiple comparison test, P < 0.05). 
Control ^ 
Concentration (mg L ' ' ) 0 ^ ^ 
Lifespan (days) 8.10 ± 0 . 7 1 a 5.95 士 0.48 b 2.70 士 0.11 c 
LT50 ^ 8.26 6.01 N.D. ^ 
Age at first 3.11 士 0.08 3.94 ± 0 . 3 8 N . D . � 
Reproduction (days) 
Number of broods 3.4 士 0.34a 0.95 土 0.17 b 0 ± 0 � 
per female 
Number of young 6.43 士 0.69 & 3.46 士 0.36 b 0士 0 � 
per brood 
Number of young 2 0 . 7 5 士 2.18 a 3.2 士 0.6 ^ 0 ± 0 b 
per female 
1 difference among treatments not testable 
2 not determined. Only one data point that is between 0 and 100% response, thus, 
not testable by probit analysis. 
3 not determined. No young is produced. 
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Females kept under 0.15 mgL"' of CcP did not reproduce (Table 3.5). CcP at 
0.08 and 0.15 mgL'' significantly reduced the average number of broods per female, the 
average number of young per broods, and thus the average total number of young per 
female compared with control females. Females exposed to 0.3 and 0.6 mg L'' of Zn^^ 
produced fewer young than control females (Table 3.4). Significant decrease in the 
number of brood per female and number of young per brood was detected at Zr?^ 
concentration of 0.6 mgL''. 
3.1.4 Effects of Anabaena on Life History Parameters of M. macrocopa 
To correct for the difference in biomass, concentrations of Anabaena and C. 
pyrenoidosa were expressed as chlorophyll a equivalence. The measured chlorophyll a 
concentration of 10^  C. pyrenoidosa cells mL"^  was approximately 55.6 mg L ' � T h e life 
history parameters of M. macrocopa exposed to Anabaena and C. pyrenoidosa at 55.6 
mg chlorophyll a L'' were measured. Survivorship curves and the life history parameters 
of M. macrocopa fed with Anabaena and C. pyrenoidosa are presented in Figure 3.4 and 
Table 3.6 respectively. Individuals fed with C. pyrenoidosa act as control. There were no 
significant dietary difference in lifespan, number of brood per female, number of young 
per brood and number of young per female (Table 3.6). The only life history parameter 
that differed significantly was age at first reproduction. Individuals fed with Anabaena 
reproduced later than those fed with C. pyrenoidosa. Thus, Anabaena did not impose 
significant effects on the survivorship and reproduction of M. Macrocopa. 
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Table 3.6 Life table parameters of Moina macrocopa fed C pyrenoidosa and 
Anabaena. Data are means with SE. For each parameter, means denoted by 
different letters are significantly different from each other (One-way ANOVA & 
Tukey multiple comparison test, P < 0.05). 
Food type C. pyrenoidosa Anabaena 
Lifespan (days) 8.10 士 0.71 9.04 土 0.67 
LT50i 8.26 9.77 
Age at first 3.11 ±0.08 a 3.52 土 0.15 b 
Reproduction (days) 
Number of broods 3.4 士 0.34 3.2 ±0.27 
per female 
Number of young 6.43 士 0.69 5.89 士 0.50 
per brood 
Number of young 20.75 士 2.18 19.28 土 2.13 
per female 
‘difference among treatments not testable 
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3.2 Cloning and sequencing of hsp70 
Cloning and sequencing of hsp70 were archived by degenerative PCR using the 
cDNA from D. magna and M. macrocopa. No bands were obtained for degenerative PCR 
of the cDNA from the control groups of D. magna and M. macrocopa even when the 
annealing temperature of the PCR ranged from 53°C to 63°C (Figure 3.5). The cloning 
and sequencing process for both cladocerans were performed using the heat-treated 
group only. 
3.2.1 Partial sequences of D, magna and M. macrocopa hsp70 
Partial nucleotide sequence of D. magna and M macrocopa were obtained by 
degenerative PCR using the degenerative primers HSPTOdegF and HSPTOdegR. The 
PCR amplified products were loaded on 1.5% agarose gels for electrophoresis in TAE 
buffer (Figure 3.5). The bands with expected size of about 400 bp were cut and subjected 
to cloning and sequencing. After sequencing, the partial nucleotide sequences of D. 
magna and M macrocopa were determined (Figure. 3.6). The amplified fragment was 
highly homologous to the hsp70 gene. Based on the partial sequences, forward primers 
(DhspsFl for D. magna and MhspsFl for M. macrocopa) and reverse primers (DhspsRl 
for D. magna and MhspsRl for M. macrocopa) were designated for 3’ RACE and 5' 
RACE, respectively. Their positions are indicated in Figure 3.6. 
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Figure 3.5 Agarose gel electrophoresis of degenerative PCR products of hsp70. The first-
strand cDNA synthesis was performed using \ f ig of total RNA, degenerative primers 
HSP70degF and HSPTOdegR in a final volume of 50 jllL. (A) Lane 1 shows a 350 bp 
amplified fragment using the first-strand cDNA of heat-treated Daphnia magna. No 
bands were observed in lane 2 in which cDNA of the control group of D. magna was 
used. (B) No bands were observed in lane 1 in which cDNA of control group of Moina 
macrocopa was added. Lane 2 shows a 400 bp amplified fragment using the first strand 
cDNA of Moina macrocopa. 2 kb M and 100 bp M indicate molecular weight markers of 
2kb marker and 100 bp.marker, respectively. 
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MhspsFl 
1 TGGAAGGTGG AAATTATTGC CAATGACCAA GGCAACCGCA CCACCCjCATC 
5 1 lATATGTCGCC TTCACC|GATA CCGAACGTCT CATCGGTGAC GCTGCCAAGA 
1 0 1 ACCAGGTGGC CATGAACCCG ATCAACACTG TTTTTGATGC TAAGCGTCTC 
MhspsRl ^ 
1 5 1 ATCGGTCGCC |GTTTCGATGA TGCCACTGTT C A A A ^ G A T A TGAAACACTG 
2 0 1 GCCCTTCAAG GTTGTTAGCG ACGGTGGTAA ACCCAAGATC CAGGTTGAGT 
2 5 1 ACAAGGGGGA GACAAAAGTC TTCTCCCCTG AAGAAATTTC GTCCATGGTG 
3 0 1 TTGGTCAAGA TGAAGGAGAC TGCCGAAGCC TATTTGGGCA CCAAGGTTTC 
3 5 1 TGATGCTGTC ATCACTGTCC CCGCCTATTC AACGACAATG TCGACC 
(A) 
1 GTGTTTCACA TGGGAAGGTG GAGATCATTG CAAACGATCA GGGTAATCGT 
DhspsFl • 
5 1 ACACACCATC [TTACGTTGCG TTTACCGACA CA|GAACGTCT AATCGGAGAT 
1 0 1 GCAGCCAAAA ACCAAGTAGC CATGAATCCT ATCAACACAG TTTTTGATGC 
1 5 1 AAAACGTTTG ATTGGCCGTC GATTTGATGA CGCCACTGTC CAGAGTGATA 
2 0 1 TGAAGCATTG GCCATTCAAA GTTATAAGCG ATGGAGGAAA ACCGAAAATT 
2 5 1 CAAGTAGATT ACAAAGGGGA AACGAAAACG TTTTCTCCCG AAGAGATCTC 
DhspsRl^ 
3 0 1 TTCTATGGTG CTTGTC^A^A TGAAGGAGAC GGCTGA^GCT TACCTAGGGC 
3 5 1 AAAAAGTCAC TGATGCCGTG ATTACTGTCC CCGCCTACTT CAACGAC 
(B) 
Figure 3.6 Partial nucleotide sequences of D. magna and M. macrocopa hsp70 
amplified using degenerative primers HSPTOdegF and HSPTOdegR. (A) Partial sequence 
of M. macrocopa hsp70 with the size of 396 bp. The positions of the specific primers 
MhspsFl and MhspsRl for RACEs are boxed. (B) Partial sequence of D. magna hsp70 
with the size of 397 bp. The positions of the specific primers DhspsFl and DhspsRl for 
RACEs are boxed 
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3.2.2 Sequences of 3，and 5' RACE amplified products 
The 3' and 5' ends of the hsp70 of both D. magna and M. macrocopa were 
flanked by 3’ and 5' RACE systems, respectively. The RACE amplified products were 
analyzed on 1.5% agarose gels. Bands with expected size of about 450 bp for 3' RACE 
and 2000 bp for 5' RACE were cut and subjected to cloning and sequencing. The gel 
photos are shown in Figure 3.7 and 3.8. After DNA sequencing, the partial nucleotide 
sequences of D. magna and M macrocopa were determined. A 450 bp 5' RACE product 
contained the 5’ untranslated region and ATG start codon of the gene. The 3’ RACE 2 kb 
product contained the stop codon. 
3.2.3 Full sequences of D. magna and M. macrocopa hsp70 
After aligning the partial sequences, the full nucleotide sequences of D. magna 
and M. macrocopa were obtained. Both cloned genes contained HSP70 family signature 
motifs (IDLGTTYS, DLGGGTFD and IVLVGGSTRIPKIQK) (Figure 3.9 and 3.10). 
The complete cDNA sequence of the M. macrocopa hsp70 comprised 2170 bp. The 
hsp70 open reading frame was 1947 bp in length coding for a protein of 649 amino acids 
(Figure 3.9). The complete cDNA sequence of the D. magna hsp70 comprised 2218 bp. 
The hsp70 open reading frame was 1926 bp in length coding for a protein of 643 amino 
acids (Figure 3.10). Both the sequences of D. magna and M. macrocopa hsp70 genes 
have been deposited in GeneBank database under accession numbers EU514494 and 
EU514495 respectively. 
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Figure 3.7 Agarose gel electrophoresis of 5' and 3' RACE products of hsp70 from M. 
macrocopa. (A) Lane 1 shows the 300-bp fragment using 1 jiL of 3' RACE ready RNA 
and 3' RACE AUAP and without the specific forward primer. The amplified product was 
treated as non-specific PCR product. Lane 2 shows the 2-kb fragment amplified using 1 
|xL of 3'RACE ready RNA, 3'RACE AUAP and specific forward primer Dhsp70sFl. 
This size of the fragment was as predicted and was further purified for cloning and 
sequencing. The cDNA fragment of about 700 bp amplified in the 3'RACE PCR was not 
a hsp70 cDNA and thus was not considered in further analysis. (B) Lane 2 shows the 
450 bp product of 5' RACE using GeneRacerTM 5' RACE primer and Dhsp70sRl 
primer. M indicates 2 kb molecular weight markers. 
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Figure 3.8 Agarose gel electophoresis of 5' and 3' RACE hsp70 products from D. 
magna. Lane 1 shows the 2 kb product of 3' RACE product, as predicted, using 3'RACE 
AUAP and Dhsp70sFl. The cDNA fragment of 300 bp amplified in the 3'RACE PCR 
was not a hsp70 cDNA and thus was not considered in the further analysis. Lane 2 shows 
the 500 bp product of 5' RACE using GeneRacerTM 5' RACE primer and DhspTOsRl 
primer. M indicates 2 kb molecular weight markers. 
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781 CTC CGC CGT CTC CGC ACG GCT TGC GAA CGC GCG AAG CGC ACT CTT TCC TCT TCC AGC CAG 840 
261 L R. R, L R T A C E P. A K R T L S S S S Q 280 
841 GCC TCG ATC GAA ATC GAC TCT CTC TAT GAA GGT ATC GAC TTC TAC ACT TCC ATC ACT CGT 900 
281 A S I E I D S L Y C G I D F y T S I T R 300 
901 GCC CGC TTC GAG GAA CTC TGC GCT GAC CTC TTC CGC O X ACT CTC GAG CCC GTT GAG AAG 960 
BOl A R F E g L C A D L F R G T L E P V E K 320 
961 TCC ATT CGC GAT GCT A-ft-G ATG GAT AAG TCC AGC ATC CAC GAG ATC GTC TTG GTC GGT GGT 1030 
321 S I R D A K H D K S S I H E I V L V G G 34 0 
1021 TCC ACT CGT ATC CCC AAG ATC CAA A.AA CTC CTC CAj3 GAC TTT TTC AAT GGC AAG GAG CTC 1080 
341 S T I P K I Q K L L Q D F F N G K E L 360 
1081 AAC TCC ATC .AAC C广T GAC GAA GCC GTT GCT TAT GGT GCC GCC GTG CAG GCT <3CC ATT 1140 
361 W K 5 I N p D E A V A Y G A A V Q A A I 580 
1141 TTG CAC mr GAC AAA TCT GAA GCC GTT CAG GAT CTT CTC CTT CTC GAT GTC GCT CCT CTG 1200 
381 L H G D K S E A V Q D L L L L D V A P L 400 
1201 TCT CTG ATT GAG ATG CTT GGA QST GTG ATG ACT TCG CTG ATC AAG CGC AAC ACC ACC 1260 
401 S L G I E j " A G G V M T S L I K R N T T 420 
1261 ATC CCC ACC AAG 广AG ATf <~AG ATC TTC ACC ACG TAT GCA GAC AAC CAG CCC GGC GTG TTG 1320 
4 21 I P T K Q . T— Q I F T T V A D N Q P G V L 440 
1321 ATC CAG GTT TAT QAA. GGT GAA CGC GCT ATG ACC AAA GAC AAC AAT TTG CTC GGC AAG TTC 1380 
441 I Q V y £ Q g R A M T K 0 N N L L G K F 460 
1381 GAA CTT ACT GGC ATT r r j o ' T GCT CCC CGC GGC GTT CCT CAA ATC GAA GTT ACC TTC GAC 1440 
461 £ L T G I p" p" A P R G V P Q I E V T F D 480 
1441 ATC GAC GCC AAr gGT AT广 TTG AAC GTC ACT GCT GTC GAC AAG TCG ACT <3GT CGT GAA AAC 1500 
481 I D A N G I " L N V T A V D K S T G R E N 500 
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Figure 3.9 Nucleotide and deduced amino acid sequence of M. macrocopa hsp70. 
Deduced amino acid sequences are shown in the single letter representation below the 
respective codons. The upper numbers indicate the nucleotide numbers and the lower 
numbers indicate the amino acids numbers. Putative start codons are underlined and stop 
codons are marked by asterisks. The characteristic motifs of HSP70 family are 
underlined with broken lines. The positions of the MhsprtFl and MhsprtRl primers for 
real-time PGR are boxed. The M. macrocopa hsp70 gene has been deposited in Genbank 
database under accession number EU514495. 
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Figure 3.10 Nucleotide and deduced amino acid sequence of D. magna hsp70. 
Deduced amino acid sequences are shown in the single letter representation below the 
respective codons. The upper numbers indicate the nucleotide numbers and the lower 
numbers indicate the amino acids numbers. The putative start codons are underlined and 
stop codons are marked by asterisks. The characteristic motifs of HSP70 family are 
underlined with broken lines. The positions of the DhsprtFl and DhsprtRl primers for 
real-time PGR are boxed. The D. magna hsp70 gene has been deposited in Genbank 
database under accession number EU514494 
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Sequence comparisons using the Basic Local Alignment Search Tool Program 
(BLAST) revealed that the cloned D. magna and M. macrocopa genes shared, 
respectively, 84-86% and 84-88% amino acid homology with the hsp70 genes of many 
animals. However, the cloned genes of both D. magna and M. macrocopa also shared 84-
88% amino acid homology with the hsc70 genes of other animals. Since both genes 
belong to the subfamily of HSP70, it is not surprising to find that they have high 
structural similarity. 
3.2.4 Phylogenetic relationships of the hsp70 gene 
Using the CLUSTAL X (1.81) multiple sequence alignment program, the deduced 
hsp70 amino acid sequences of D. magna and M. macrocopa were aligned against hsp70 
and hsc70 of various species (Figure 3.11 and 3.13). Phylogenetic trees and the 
percentage homology of hsp70 and hsc70 were constructed using MEGA version 4 based 
on the full-length sequence of the hsp70 genes of various organisms (Figure 3.12 and 
3.14). 
The percentage homology of the clones genes of D. magna and M. macrocopa 
with hsp70 and hsc70 of other species were determined based on the p-distance 
calculated by the software (Table 3.7 and 3.8). The amino acid homology between the 























































































Dr LEKVCNPVISKLYQGGMPAGGCGAQAR GASGASA——QGPTIEEVD 
Rn LERVCNPIISGLYQGAGAPGAGGFGAQ APKGGSG----SGPTIEEVD 
Figure 3.11 Multiple alignment of amino acid sequences deduced from cloned genes 
of D. magna (Dm) and M. macrocopa (Mn) with hsp70 genes from Artemia franciscana 
(Af), Penaeus monodon (Pern), Pachygrapsus marmoratus (Pm), Danio rerio (Dr) and 
Rattus norvegicus (Rn). (GeneBank Accession numbers: Af = AAL27404, Pern = 
AAQ05768, Pm = ABA02164, Dr 二 AAH56709, Rn = CAA54423). The asterisks and 











~ Rattus norvegicus 






Figure 3.12 A phylogenetic tree of HSP70 amino acid sequences from various species. 
The ruler shows the p-distance which is the proportion of amino acid sites at which 2 
sequences are different. Genebank accession numbers: Penaeus monodon (AAQ05768), 
Pachygrapsus marmoratus (ABA02164), Mytilus galloprovincialis (AAW52766), 
Artemia franciscana (AAL27404), Dendrolimus superans (ABM90551), Danio rerio 
(AAH56709), Rattus norvegicus (CAA54423), Bos Taurus (AAA73914), Plasmodium 
vivax (ABA40836), Streptomyces coelicolor (CAD55329), Homo sapiens (AAA02807). 
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Table 3.7 The percentage homology of the cloned genes of D. magna and M. 
macrocopa with HSP70 amino acid of other organisms, p-distances are given in 
percentage. 
% amino acid sequence homology of HSP70 
Organisms Daphnia magna Moina macrocopa 
Daphnia magna / 93.2 
Moina macrocopa 93.2 / 
Artemia franciscana 84.3 85.7 
Dendrolimus superans 85.8 87.0 
Mytilus galloprovincialis 86.5 86.3 
Danio rerio 85.7 85.0 
Rattus norvegicus 81.9 83.3 
Bos taurus 82.8 83,3 
Plasmodium vivax 73.7 75.8 
Penaeus monodon 87.0 88.1 
Pachygrapsus marmoratus 86.9 87.2 
Streptomyces coelicolor 49.3 49.5 

















































































*氺：氺 * *氺 .氺 * * * ： ：**：：. ： * * ： ： ： ： ：：：.*. ： 氺 氺本氺：：本：* 氺 







氺 ： 氺 氺 . . 氺 . 
Figure 3.13 Multiple alignment of amino acid sequences deduced from cloned genes 
of D. magna (Dm) and M. macrocopa (Mn) with hsc70 genes from Artemia franciscana 
(Af), Penaeus monodon (Pem), Pachygrapsus marmoratus (Pm), Danio rerio (Dr) and 
Rattus norvegicus (Rn). (GeneBank Accession numbers: Af = AAL27404, Pem = 
AAQ05768, Pm = ABA02164, Dr = AAH56709, Rn = CAA54423). The asterisks and 
periods below the sequence alignment indicate residues that are identical or similar 








L Litopenaeus vannamei 
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Figure 3.14 A phylogenetic tree of HSC70 amino acids of various species. The ruler 
shows the p-distance which is the proportion of amino acid sites at which 2 sequences are 
different. Genebank accession numbers: Tetranychus urticae (ABC33921), 
Rhynchosciara americana (ABD63902), Macrobrachium nipponense, Penaeus monodon 
(ABR67686), Litopenaeus vannamei (ABP01681), Danio rerio (NP571472), Xenopus 
laevis (NPOO1080068), Gallus gallus (CAA06233), Rattus norvegicus (CAA49670), Bos 
taurus (PI9120), Homo sapien (CAA68445). 
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Table 3.8 The percentage homology of the cloned genes of Daphnia magna and 
Moina macrocopa with HSC70 amino acid of other organisms, p-distances are given in 
percentage. 
% amino acid sequence homology of HSC70 
Organisms Daphnia magna Moina macrocopa 
Daphnia magna / 92.6 
Moina macrocopa 92.6 / 
Penaeus mono don 84.6 86.0 
Litopenaeus vannamei 84.5 85.9 
Macrobrachium nipponense 84.6 85.9 
Danio rerio 82.3 82.3 
Rattus norvegicus 83.2 84.9 
Bos taurus 83.5 85.2 
Homo sapiens 83.5 85.2 
Tetranychus urticae 82.6 83.4 
Gallus gallus s 82.7 84.5 
Rhynchosciara americana 81.8 82.7 
Xenopus laevis 83.8 86.0 
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the cloned genes of both D. magna and M. macrocopa showed 81.9-88.2% amino acid 
homology with the hsp70 of aquatic organisms including Penaeus monodon (shrimp), 
Pachygrapsus marmomtus (crab), Mytilus galloprovincial is (oyster), Artemia 
franciscana (brine shrimp) and Danio rerio (zebrafish). 
In contrast, they showed only 29.7-75.8% amino acid homology with Homo 
sapiens (human), the bacteria Streptomyces coelicolor and the parasite Plasmodium vivax. 
When compared with the hsc70 of other species, there was 82-86% amino acid 
homology with the shrimps Penaeus monodon, Litopenaeus vannamei and 
Macrobrachium nipponense and the zebrafish Danio rerio. Even compared with less 
related species such as rats, human, spiders, birds, insects and amphibians, there was still 
a 81.8-86% homology. These results showed that the hsc70 amino acid sequences are 
highly conserved among different species. 
3.3 Molecular measurements - heat shock protein 70 gene expression 
3.3.1 Validation of real-time PGR conditions 
The threshold cycle (Ct) is defined as the cycle number at which the level of 
fluorescence exceeded the fixed threshold. Standard curves plotting log concentrations of 
sample added against Ct were obtained for the house-keeping gene 18s and the target 
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gene hsp70 of D. magna and M macrocopa (Figure 3.15). All showed strong 
relationships (r^  = 0.93 to 1.00). A correlation coefficient of greater than 0.90 shows good 
primer efficiency and indicates a successful real-time PCR profile. The efficiencies of 
PCR amplification for hsp70 and 18s were tested and efficiency plots for D. magna and 
M. macrocopa were obtained (Figure 3.16). The regression slopes for D. magna hsp70 
and M. macrocopa hsp70 were -0.02 and 0.13, respectively. Regression slopes smaller 
than or equal to 0.1 shows high efficiency and the success of the real-time PCR run. 
Melting curve analysis was carried out for each primer set (Figure. 3.17). Each sample 
showed a peak at its specific dissociation temperature (18s rRNA gene of D. magna at 
80°C; hsp70 of D. magna at 77.6°C; 18s rRNA gene of M macrocopaat 76°C; hsp70 of 
D. magna at 82°C). No template control (NTC) showed no sharp peaks between 50 and 
90°C，indicating no primer-dimerization for both D. magna hsp70 and M macrocopa 
hsp70. 
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Figure 3.15 Standard curves of 18s rRNA and hsp70 genes in real-time PGR. Five 
serials dilution were prepared from cDNA samples. The linear relationship (r^  > 0.9) 
indicated that Ct is inversely proportional to the initial amount of the target template. A (i) 
Amplification of 18s rRNA gene ofZ). magna using the thermal condition: 1 cycle of 95 
°C for 10 min, 40 cycles of 95 for 30 s 58�C for 30 s and 7 0 � C for 30 s. A (ii) 
Amplification of hsp70 gene of D. magna under the thermal condition: 1 cycle of 95 °C 
for 10 min, 40 cycles of 9 5 � C for 30 s, 60�C for 30 s and 70 °C for 30 s. B (i) 
Amplification of 18s rRNA gene of M. macrocopa using the thermal condition: 1 cycle 
of 9 5 � C for 10 min, 40 cycles of 9 5 � C for 30 s 58�C for 30 s and 70 °C for 30 s. B (ii) 
Amplification of hsp70 gene of M. macrocopa under the thermal condition: 1 cycle of 95 
� C for 10 min, 40 cycles of 9 5 � C for 30 s, 60�C for 30 s and 70 °C for 30 s. 
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Figure 3.16 Efficiency plots of D. magna and M macrocopa hsp70. One cDNA 
sample with five serial dilutions was used for each efficiency plot. Real-time PGR of 
hsp70 and 18s for both D. magna and M. macrocopa were run using their specific 
thermal-cycle programs. Delta Ct were calculated for both cladocerans. DQ = Q (target 
gene) — Ct (house-keeping gene). The slopes of the efficiency plots of DQ against log 
concentration were smaller than or close to 0.1. (A) The slope of the efficiency plot of D. 
magna hsp70 was -0.02. (B) The slope of the efficiency of M. macrocopa hsp70 was 0.13. 
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Figure 3.17 Melting curves of 18s and hsp70 genes. A(i) 18s rRNA gene of D. magna 
with the dissociation temperature of 80°C. A(ii) hsp70 of D. magna with the dissociation 
temperature of 77.6°C. B(i) 18s rRNA gene of M. macrocopa with the dissociation 
temperature of 76°C. B(ii) hsp70 of D. magna with the dissociation temperature of 82°C. 
NTC is shown as the thick black line. 
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3.3.2 Effect of temperature stress on hsp70 gene expression levels 
The effects of heat stress and cold stress on D. magna and M macrocopa hsp70 
expression were studied using real-time PCR. The hsp70 expression of M. macrocopa 
and D. magna was significantly elevated after 24 h of heat stress (Figure 3.18). The 
hsp70 mRNA levels of M. macrocopa and D. magna increased by about 15-fold and 4.6-
fold, respectively. These results showed that the hsp70 gene was up-regulated after heat-
shocked and confirmed that the hsp70 gene cloned is the inducible form of D. magna and 
M. macrocopa. hsp70 mRNA levels returned to levels found in control animals after 96 
h of exposure. 
For M. macrocopa, hsp70 levels of heat stressed animals returned to control level 
after 48 h (Figure 3.18 A). Cold stress also induced hsp70 gene expression in M. 
macrocopa. At 18�C, hsp70 mRNA levels showed 13.3-fold induction after 24 h and 9.9-
fold induction after 48 h.hspTO expression level returned to control level after 96 h. 
Similarly, the hsp70 level of D. magna was elevated 4.6-fold by heat stress after 24 h, 
dropped slightly after 48 h and returned to control level after 96 h (Figure 3.18. B). hsp70 
expression increased 5.7-fold after 24 h of cold stress at 14�C. The expression level 
remained 4.5-fold higher than control level after 48 h and returned to control level after 
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Figure 3.18 Hsp70 mRNA fold induction levels by temperature stress in Moina 
macrocopa and Daphnia magna. Neonates were exposed to different temperature stress 
(A) Moina macrocopa: 25°C as control, 18°C as cold stress and 35°C as heat stress. (B) 
Daphnia magna'. 20°C as control, 14°C as cold stress and 25°C as heat stress (n=4-5). 
Each treatment group was compared with the control group with the same exposure time. 
At each exposure time, vertical bars denoted by different letters are significantly different 
from each other (One-way ANOVA and Tukey multiple comparison, P < 0.05). 
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3.3.3 Effect of metals on hsp70 gene expression levels 
Exposure to metals induced hsp70 gene expression of M. macrocopa after 48 h 
and 96 h (Figure 3.19 and 3.20). No change in hsp70 mRNA level was recorded afterter 
24 h of exposure to Zn^^ (Figure 3.19). At Z n � . concentration of 0.3 mg L'' or 
approximately 25% of the 48-h LC50, a 3 fold increase in hsp70 level was recorded at 48 
h. The level increased further to 34-fold at 96 h. At 0.6 mg L"' or approximately 50% of 
the 48-h LC50, hsp70 expression increased by 36-fold at 96 h. Cd^^ also induced hsp70 
gene expression of M. macrocopa (Figure 3.20). After 48 h, hsp70 mRNA level increased 
by 150-fold at 0.08 mg L'' ( approximately 25% of the 48-h LC50) and by 165 fold at 
0.15 mgL-i (approximately 50% of the 48 h LC50). At 96 h, hsp70 mRNA level 
increased by 60.4-fold after 48 h. Most of the M. macrocopa did not survive at 0.15 mg 
L-i ofCdfor 96h. 
The induction of hsp70 by metals was also found in D. magna, although the levels 
were not as great as those in M. macrocopa. Zn^^ at 0.06 mg L'�caused a 3.3 fold 
increase in hsp70 transcripts after 96 h (Figure 3.21). Most o the D. magna did not 
survive at 0.3 mg L"' after 96 h. Cd�.，even at concentration equivalent to 50% the 48-h 
LC50, did not induce hsp70 transcripts significantly in D. magna (Figure 3.22). 
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Figure 3.19 Hsp70 mRNA fold induction levels of Moina macrocopa at different 
concentrations of Zv?^ (n=5-7). Each treatment group was compared with the control 
group with the same exposure time. Data are means with standard deviation (士SD). The 
vertical bars denoted by different letters are significantly different from each other (One-
way ANOVA, Turkey multiple comparison, P < 0.05). 
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Figure 3.20 Hsp70 mRNA fold induction levels of Moina macrocopa at different 
concentrations of CcP (n=5-8). Each treatment group was compared with the control 
group with the same exposure time. Data are means with standard deviation (士SD). The 
data for 24 and 48h were analysed by One-way ANOVA followed by Turkey multiple 
comparison. Animals exposed to 0.15 mg L'' of Cd did not survive to 96h. Difference 
between control and 0.08 mgL'' of Cd was tested by Students t-test. Vertical bars 
denoted by different letters are statistically different from each other (P < 0.05). 
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Figure 3.21 Hsp70 mRNA fold induction levels by Zn^^ in D. magna. (n=4-6). Each 
treatment group was compared with the control group with the same exposure time. Data 
are means with standard deviation (士SD). The data of D. magna exposed for 24 and 48h 
was analyzed by One-way ANOVA followed by Turkey multiple comparison of. All data 
showed no significant difference among each other (P < 0.05). D. magna could not 
survive at 0.3 mgL'' of Zn^^ for 96h. Difference between 0.06 mgL"' of Zn^^ treatment 
and the 96h control was tested by Student t-test. The vertical bars denoted by asterisks 
show significant difference between the treatment and the control group (P<0.05). 
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Figure 3.22 Hsp70 mRNA fold induction levels of D. magna at different 
concentrations of C c P (n二4-5). Each treatment group was compared with the control 
group with the same exposure time. Data are means with standard deviation (士SD) All 
data shows no significant difference among each other (One-way ANOVA, P < 0.05). 
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3.3.4 Effect oiAnabaena on Hsp70 Gene Expression Levels 
The effect of Anabaena as food of M. macrocopa was studied by measuring the 
hsp70 gene expression of M. macrocopa. hsp70 induction in animals fed with Anabaena 
was compared to hsp70 induction in animals fed with C. pyrenoidosa. Filamentous 
Anabaena caused a significant elevation of hsp70 transcripts compared to non-
filamentous C. pyrenoidosa (Figure 3.23). Significant effect was observed in all exposure 
time. Increase in hsp70 mRNA level was 19.3-fold after 24 h，58.7-fold after 48 h and 
79.4-fold after 96 h. 
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Figure 3.23 Hsp70 mRNA fold induction levels by nutritional stress in M. macrocopa. 
Neonates were fed with different diet, C. pyrenoidosa and Anabaena. (n=4-5). Each 
group was compared with the group with the same exposure time. Results are expressed 
as fold induction of neonates fed with Anabaena compared to those with C. pyrenoidosa. 
Data are means with standard deviation (士SD). The vertical bars denoted by different 





4.1 Demographic responses of M macrocopa and D. magna by different stress 
4.1.1 Effects of temperature on life history parameters 
Temperature is one of the major factors affecting the life history of M. macrocopa 
and D. magna. Raising the temperature shortened the time to production of the first 
brood and reduced lifespan. Moinids are cladocerans with particularly short lifespan 
(Lynch, 1980). Burak (1997) reared M. macrocopa at 20 and 25°C and recorded lifespan 
ranging from 7 to 32 days. In this study, the lifespan of M. macrocopa varied from about 
4.0 days at 35°C to more than 18 days at 18°C. Higher temperature decreased lifespan of 
M. macrocopa. This is in agreement with the results of Nandini et al. (2007) that the 
lifespan of M. macrocopa was twice as long at 22°C than at 27°C. D. magna has 
relatively longer lifespan than M. macrocopa. 
Although the lifespan of D. magna was not investigated in this 21 -day study, it 
has been shown to shorten from 108 days to 29 days when temperature was increased 
from 8°C to 28°C (MacAuthur and Baillie, 1992). An inverse relationship between 
temperature and lifespan has also been reported in other cladocerans. Among species of 
Moina, the lifespan of M brachiata ranged from 20 days at 15°C to 10 days at 30°C 
(Maier, 1992) and the lifespan of M salina was significantly longer at 15 and 20°C than 
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at 25 and 30°C (Gordo et al., 1994). Temperatures higher than the optimal temperature 
shorten the lifespan of cladocerans so that individuads can reserve more energy for 
reproduction (Sarma et al., 2002). 
Temperature is an important factor regulating the population growth of 
cladocerans (Terao and Tanaka, 1928). In this study, high temperature lowered the age of 
production of the first brood by M. macrocopa. A similar pattern has been reported in 
Daphnia ambigua (Armitage & Landau, 1982), D. magna (Heugens et al., 2006), M. 
salina (Gordo et al., 1994) and M. australiensis (Anderson-Carnahan, 1994). However, in 
present study, a relatively high temperature of 25°C did not significantly reduce the age 
of first reproduction of D. magna. 
D. magna did not reproduce at 30°C. D. magna is a temperate species that cannot 
tolerate high temperatures in tropical and sub-tropical regions. Reproductive 
performance, expressed as the number of young produced by a female during her entire 
lifespan, was lower at higher temperatures. It was lowest for M macrocopa at 35°C and 
for D. magna at 25°C. M. macrocopa reared at 35°C produced smaller and fewer broods, 
but similar responses were not observed in D. magna reared at 25°C for 21 days. At 
higher temperatures, the increase in metabolic rates of organisms necessitates higher 
respiratory rates and lower reproductive rate (Benider et al., 2002). Lower temperature 
reduced the reproductive performance of D. magna but not that of M macrocopa. D. 
magna produced fewer young and broods at 14°C, while the reproductive performance of 
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M. macrocopa was almost similar at 18 and 25°C. No conclusion can be made regarding 
the reproductive performance of M. macrocopa at temperatures below 18°C, although 
other studies reported that Moina sp. produced fewer young at lower temperature. M. 
salina produced more young at 25 and 30�C than at 15 and 20�C (Gordo et al., 1994). In 
Daphnia pulex, production of young peaked between 15 and 20°C and declined at 
extreme temperatures (Goss & Bunting, 1983). 
4.1.2 Effects of metal stress on life history parameters 
Metals are known to affect the life history of cladocerans (Chandini, 1988). In 
this study, the effects of Cd^^ and Zn^^ were only tested on M, macrocopa, because the 
effects on D. magna are well-documented. The lifespan of M. macrocopa was shortened 
from about 8 days in control animals to about 6 days at 0.6 mg L'' of Zr?^. Wong (1993) 
also reported that the lifespan of M. macrocopa was reduced from about 16 days in 
control to about 9 days at 0.5 mg L'' of Zn^^. In must be noted that the lifespans of M. 
macrocopa in both control and metal-treated groups reported in Wong (1993) were 
longer than those found in this study. In experiments with CcP., the lifespan of M. 
macrocopa varied from about 3 days at 0.15 mg L'' of Cd^ "^  to more than 8 days in 
control condition. Significant decrease in lifespan was found in Wong and Wong (1990) 
where the lifespan of M. macrocopa was reduced from about 10 days in control condition 
to about 3 days at 0.1 mg L"' of Cd^ .^ Cd^ "" is more toxic than Zn^^ because Cd'^ 
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equivalent to only 25% of 48-h LC50 would shorten the lifespan of M. macrocopa, 
compared to 50% of 48-h LC50 needed for Zn^^. The greater toxicity ofCd^^ than Zn^^ 
is also demonstrated in other studies. Wong and Wong (1990) and Wong (1993) reported 
that at the same concentration of Cd^^ and Zn^^, M. macrocopa exposed to Cd^^ had 
lower reproductive performance, lower values of LT50 and shorter lifespan. CcP. is more 
toxic than Zv?^ in Moina irrasa (Zou and Bu, 1994) and Ceriodaphnia dubia (Belanger 
and Cherry, 1990). 
Metals have adverse effects on the fecundity of cladocerans (Chandini, 1988). 
Cd2+ and Zn^^ lowered the number of young produced by each females. Concentrations 
equivalent to 25% of 48-h LC50 of both Cd^ "" (0.08 mg l/ i) and Zn^^ (0.3 mg L'') were 
sufficient to decrease the reproductive performance significantly. M. macrocopa exposed 
to 50% of 48-h LC50 ofCd^^ (0.15 mgL'') did not survive to reproduce. This result is in 
agreement with the studies of Wong (1993) and Wong and Wong (1990) that total number 
of young produced by females was significantly reduced at 0.7 mg L"' of Zn^^ and 0.005 
mg L-i of CcP. 
The reduction of reproductive performance was also demonstrated in other 
cladocerans. In M. irrasa, the reproductive performance was significantly reduced at 0.2 
mg L.i of Zn2+ (Zou, 1997). In Moinodaphnia macleayi, significant decrease in 
reproduction was observed in 0.035 mg L"' of Cd^^ (Orchard et al., 2002). In D. magna, a 
40% decrease in total reproduction was observed in 0.028 and 0.061 mg L"' of Zr?^ (De 
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Schamphelaere et al., 2004). In Ceriodaphnia dubia, the reproductive performance was 
significantly reduced at as low as 0.005 mg L'' of waterborne CcP. (Sofyan et al., 2007). 
In this study, metals did not affect the age of first reproduction in M. macrocopa. This is 
in agreement with previous studies in M macrocopa (Wong and Wong, 1990; Wong, 
1993) and D. magna (De Schamphelaere et al., 2004). 
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Cd exerts toxicity to organisms by producing reactive oxygen species and/or 
interfering with Ca^^ transport and disrupting physiological processes (Stohs and Bagghi, 
1995; Pyle et al., 2003). Cd^^ disrupts cellular homeostasis and thus affects survivorship 
and reproduction (Prozialeck and Lamar, 1993). In contrast to CcP, Zv?^ is an essential 
element for living organisms. At very low concentrations (eg. 0.025 mg L"'), Zv?^ 
significantly increased the size of the first and second broods (Zou, 1997). Inhibition of 
reproduction was apparent at 0.2 mg L'' of Zv?^ (Zou, 1997). Zn^^ also disturbed Ca^^ 
uptake in D. magna (Muyssen et al” 2006). The movement and filtration rate are 
inhibited, leading to a decreased food uptake, ultimately results in reduced growth, 
reproduction and survivorship (Muyssen et al., 2006). 
4.1.3 Effects oiAnabaena on life history parameters 
Non-toxin producing strains of filamentous cynobacteria are generally recognized 
as poor quality food of zooplankton (Lampert, 1987 b; de Bernardi and Giussani, 1990; 
Brett and MQller-Navarra, 1997). The cyanoobacteria used in this study is a filamentous 
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non-toxin producing strain of Anabaena. The ability of this alga in forming large 
colonies or scrum makes it too large to be ingested by cladocerans. In addition to 
reducing the feeding rate by clogging the thoracic legs of cladocerans, the poor 
digestibility of cyanobacteria leads to poor assimilation, and thus lower growth and 
reproduction (Gliwicz, 1977; Porter, 1977; Lampert, 1987 a; Ahlgren et al., 1990). 
Moreover, low sterol content in cyanobacteria constrains cholesterol synthesis and 
thereby growth and reproduction in zooplankton grazers (von Elert, 2003). In D. magna, 
growth expressed as change in body length and reproductive performance expressed as 
clutch size of six-day-old adults, were lower in individuals fed with the cynobacteria 
Synechococcus elongates and Anabaena variabilis than in individuals fed with the green 
alga Scenedesinus obliquus (von Elert et al., 2003). However, in this study, no significant 
effects of Anabaena were recorded on survivorship, growth and reproductive 
performance of M. macrocopa compared to C. pyrenoidosa. The only exception was that 
individuals fed with C. pyrenoidosa reproduced significantly earlier than individuals fed 
with Anabaena. This result was in agreement with findings that the inhibition of growth 
of by filamentous cyanobacteria is weak on cladoceran species of small body size. Holm 
et al (1983) reported that high density of filamentous Aphanizomenon flos-aquae did not 
inhibit its consumption by D. pulex. At low algal density, the addition of non-toxic 
filamentous Aphanizomenon flexosum even improves the growth of small D. gale at a 
(Kurmayer, 2001). Abrusan (2004) reported that the growth rates of D. hyaline, D. 
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galeata and two clones of D. magna were not affected by the filamentous 
Cylindrospermopsis raciborskii at 22°C. 
Mechanical sieving and direct interception have been proposed as the two basic 
food-collection mechanisms of herbivorous zooplankton. For the mechanical sieving, the 
filtering appendages act as sieves and mesh size of the filtering appendages affect the 
size of the food particles collected (Cannon 1933). Large-bodied species such as D. 
pulicaria are the most vulnerable to filaments the width of their carapace gape allows 
filaments to enter the filtering chamber (Gliwicz and Siedlar 1980; Gliwicz and Lampert 
1990). Thus, exposure to filamentous cyanobacteria may clog the filtering comb and 
interfere with the movement of the filtering legs (Gophen and Geller 1984; Hessen 1985; 
Brendelberger 1991). On the other hand, small cladocerans such as M. macrocopa have 
finer mesh and small carapace gape. The intersetal and intersetular distances in the 
filtering apparatus is so short that clogging by filament is prevented. According to direct 
interception, the feeding appendages act as paddles and very little water passes into the 
filtering chamber of cladocerans. Most of the filaments that enter the filtering chamber 
flows tangentially to the surface of filter screens, and so do not clog the meshes 
(Gerritsen et al. 1988). Food is captured by adhesion rather than filtration (Rubenstein 
and Koehl 1977; Koehl 1996). Therefore, growth, reproduction and survivorship of 
cladocerans, even large species, are protected against interference from filamentous 
cyanobacteria. However, this mechanism cannot explain cases where filamentous 
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cyanobacteria affect the growth and reproduction of cladocerans. Recently, Abrusan 
(2004) and Bednarska and Dawidowicz (2007) suggested that both mechanisms coexist, 
especially for large Daphnia sp. that are unable to prevent filamentous cyanobacteria 
from entering the filtering chamber. 
4.2 Characterization of hsp70 of M. macrocopa and D. magna 
To our knowledge, only a few genes belonging to HSP70 family of crustaceans 
have been cloned and characterized. This study is the first to report the cloning and 
sequencing of genes encoding hsp70 in M. macrocopa and D. magna. The deduced 
amino acid homology between M. macrocopa and D. magna was 93.2%. This is expected 
because HSP70 is highly conserved in various species, especially in their protein 
sequences (Lindquist, 1986). Additionally, both M macrocopa and D. magna belong to 
the Order Cladocera and share many life history characteristics such as parthenogenetic 
reproduction, high population growth rates, short generation time (Sarma et al., 2005) 
and high genetic homogeneity (Kato et al., 2001). Both cloned genes contain the 
characteristic signature motifs (IDLGTTYS, DLGGGTFD and IVLVGGSTRIPKIQK) of 
the HSP70 family (Liu et al., 2004), confirming that the genes obtained encode HSP70. 
Moreover, the cloned genes have a high degree of homology with amino acid sequences 
of HSP70 from other species. Both cloned sequences contain more than one GGXP 
motifs, two for M. macrocopa and three for D. magna. The cloned gene of M macrocopa 
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contains tetrapeptide EEVD at the end while that of D. magna does not. Although it is 
reported that hsc70 from many species such as fish contains repeat GGXP motifs and 
signature tetrapeptide EEVD at the C-terminal, controversies are still present. For 
example, both hsp70 and hsc70 of the prawn Macrobrachium rosenbergii (Liu et al., 
2005) and the oyster Grassostrea gigas (Boutet et al., 2003) contain EEVD tetrapeptide 
at the end of the sequences. 
Since there is a lack of information on hsp70 and hsc70 of crustaceans (Liu et al., 
2004), no highly relevant studies of HSP70 are available. Differentiating between hsp70 
and hsc70 of cladocerans from their structure is difficult. However, no first strand cDNA 
was amplified by the degenerative PGR of cDNA from M. macrocopa and D. magna in 
control group. Successful degenerative PGR was archived only by using cDNA from the 
heat-treated animals. These observations confirm that the cloned genes were inducible 
hsp70 and not constitutive hsc70. Inducible hsp70 transcripts exist at a very low level in 
unstressed cells and are induced by heat stress (Lindquist, 1986). Further characterization 
of the cloned genes was obtained by subjecting the cladocerans to acute heat shock. It 
was found that hsp70 gene transcript levels increased by 15 fold in M. macrocopa and by 
4.6 fold in D. magna compared to control. Gene expression levels returned to normal 
basal level when heat stress was applied beyond 48 h. This again suggests that the cloned 
genes are the inducible form of hsp70 instead of the constitutive hsc70 which is only 
slightly expressed by heat shock (Lindquist, 1986). However, we cannot ignore the 
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possibility that both hsp70 and hsc70 of cladocerans are inducible by acute heat shock. 
Nevertheless, both gene members of the HSP70 family are responsive to environmental 
stress. For example, hsc70 expression was induced by organochlorines (Deane and Woo, 
2006), Cd2+ and cold shock (Ali et al., 2003), Zn^^ (Moore et al., 2003), and was down-
regulated by polychlorinated biphenyls (PCBs) (Kreiling et al” 2007). Thus, it expression 
still suggests that the organisms is under stress and it is referred to as hsp70 in the 
remainder of the text. 
4.3 Hsp70 gene expression in response to different stress 
4.3.1 Effect of temperature stress on hsp70 gene expression levels 
The water temperatures tested in this study are more or less within the range 
actually encountered in the river systems in Hong Kong, which has been recorded to be 
ranged from 12.5°C to 34.4�C (HKSAR EPD, 1998-2006). Temperature is a well-known 
inducer of hsp70 expression. Elevated temperature causes cellular protein denaturnation 
by revealing hydrophobic domains of proteins and causing nonspecific protein 
interactions (Somero, 1995). It acts as proteotoxicity which induces hsp70 expression 
and translation as cytoprotection responses. The increased production of HSP70, acting 
as molecular chaperone, assists in protein refolding, degradation of denaturated or mis-
folded proteins, and thereby enhance cytoprotection and protect cells against apoptosis 
(Guzik et al., 1999; Deane and Woo, 2005). Sensitivity to heat shock varies among 
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different species. In this study, the gene expression of hsp70 was expressed as the fold 
induction of hsp70 transcript level of the treated group compared to that of control. The 
hsp70 transcript levels of M. macrocopa and D. magna increased by about 15-fold at 35 
°C and 4.6-fold at 25°C after 24 h. The induction responses were transient and significant, 
but the transcript level then dropped and returned to control level beyond 48 h of 
exposure to 35°C. 
The induction of hsp70 expression by heat stress has been reported in decapod 
crustaceans. In Macrobrachium rosenbergii, a significant mRNA expression of hsp70 
was induced by 2 h of heat shock at 35°C (Liu et al., 2004). Palaeomonetes pugio 
showed significant HSP70 protein level after exposure to 30 and 38°C heat stress for 70 
min (Downs et al., 2001). Rimicaris exoculata exposed to 25°C heat shock for 1 h 
showed overexpression of HSP70 protein compared to the control at 15°C (Ravaux et al., 
2003). Fenneropenaeus chinensis showed elevated HSP70 level in gills after 2 h of 
exposure to 35°C (Guo et al., 2004). Penaeus monodon exposed to 35°C for 24 h showed 
significantly elevated levels of HSP70 after 8 days of recovery at 29�C (de la Vega et al” 
2006). 
In the barnacle Bed anus glandula, significant expressions of hsp70 occurred at 
temperatures higher than 23°C and reached maximum level above 28°C (Berger and 
Em let, 2007). The return of hsp70 expression to control level after prolonged exposure to 
heat stress has been found in many species. In the oyster Ostrea edulis, hsp70 transcript 
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level increased after 1 h of exposure to 32 and 35°C, but decreased within 3 h of stress 
recovery at 18°C and returned to control level after a 6 h recovery period (Piano et al., 
2004, 2005). Hsp70 expression returns to normal level because hsp70 production is 
energetic costly and deleterious consequences can occur if HSP is over-expressed. 
Increase in HSP synthesis may cause reduction in the synthesis of other proteins (Parsell 
and Lindquist, 1994). The synthesis and degradation of HSP can consume a large 
fraction of the energy and nutrient in the organisms. In addition, it may occupy a great 
portion of the synthetic/catabolic apparatus such that the processing of other essential 
biomolecules is retarded (Koehn and Bayne, 1989; Calow, 1991; Hoffmann, 1995; 
Heckathorn et al., 1996). Extensive use of energy can interfere with normal cell 
functions. High concentration of HSP can be toxic and interfere directly with cellular 
processes and alter cellular functions to the detriment of the cell (Lindquist, 1993), such 
as perturbing the normal structures of nascent polypeptides (Ryan et al., 1992). Therefore, 
organisms tend to reduce the energetic costly HSP overexpression to maintain normal 
cell functions and avoid harmful consequences. 
The effect of cold stress on hsp70 expression level is species-specific. Carp (Said-
Ali et al, 2003), seabream (Deane et al., 1999) and zebrafish cells (Airaksinen et al., 2003) 
showed stable level of hsp70 upon acute cold stress, while silver seabream (Deane and 
Woo, 2005) and mussel (Lesser and Kruse, 2004) showed significantly higher level of 
hsp70. Study of the effect of cold stress on hsp70 expression is scarce in crustaceans. At 
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18°C, the hsp70 transcript levels of M macrocopa showed 13.3-fold induction after 24 h 
and 9.9-fold induction after 48 h. In D. magna, hsp70 induction increased 5.7-fold and 
4.5-fold after 24 h and 48 h respectively of cold stress at 14°C. The hsp70 transcript 
levels of M macrocopa and D. magna returned to normal level after 96 h of exposure. 
Change in hsp70 level in response to temperature was also found in other aquatic 
invertebrates. The mussel Modiolus modiolus from a shallow subtidal nearshore site 
showed significantly higher level of HSP70 in winter than in summer (Lesser and Kruse, 
2004). In the sea urchin Paracentrotus lividus, cells from adults exposed to 4°C cold 
stress for 4 hours showed 5-fold increase in HSP70 after a 1 h recovery at the control 
temperature (16°C) (Matranga et al., 2000). Since the stability of proteins is reduced at 
cold temperatures, the upregulation of HSP70 as molecular chaperones can help the 
organisms to cope with the cold stress, preventing cold induced protein denaturations and 
restoring the native structure of the damaged proteins (Hochachka and Somero, 2002). In 
contrast, the shrimp Fenneropenaeus chinensis did not exhibit HSP70 induction upon 
cold shock at 15�C for 1 to 3 h (Guo et al., 2004). 
4.3.2 Effect of metals on hsp70 gene expression levels 
Metal concentrations tested in this study were selected ranged from 10-50% of 
their 48-h LC50. Zn^+concentrations tested were within the range of those encountered in 
the polluted rivers of Hong Kong, for example, Tin Shui Wai Nullah experienced 11 mg 
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L-1 of Zn2+ (HKSAR EPD, 2004), but for Cd^^, the usual concentration encountered in 
polluted rivers of Hong Kong, such as Ngau Horn Sha Stream, was 0.0014 mg L'' 
(HKSAR EPD, 2002), which is 5.7 times lower than the tested Cd concentrations. 
The effect of metals on hsp70 gene expression is controversial. Metals are 
expected to cause protein denaturation and increases in hsp70 level. In case of non-
essential metals such as CcP, conflicting results were found in crustaceans. In the shrimp 
Palaeomonetes pugio, exposure to 50 |xM of CdCb for 8 h led to significant HSP70 
induction (Downs et al., 2001). In the crab Eriocheir sinensis, 3 days of Cd^^ exposure at 
0.5 mg L_i led to significant increase in HSP70 level in the anterior gills (Silvestre et al., 
2007). In contrast, Carcinus maenas collected from Cd and Zn contaminated site did not 
show significantly higher levels of HSP70 (Pedersen and Lundebye, 1996). In the present 
study, hsp70 transcript levels remained stable in D. magna exposed to various 
concentrations of Cd^^. On the other hand, 48-h exposure to 0.08 and 0.15 mgL'' of CcP. 
and 96-h exposure to 0.08 mgL"' of Cd^^ significantly induced hsp70 transcripts in M. 
macrocopa. However, the hsp70 induction did not show a dose-dependent relationship 
and did not differ significantly at Cd^^ concentrations equivalent to 25 and 50% of the 
48-h LC50. Comparing different exposure times, the fold induction of hsp70 transcripts, 
although significantly different from control, decreased after 96-h exposure. HSP70 
levels in Crassostrea gigas exposed to 4 |LIM of Cu^^ or mixture of 0.2 |iM of Cd�+ and 
Zn2+was lower after 7 days than after 3 days (Doraga et al” 2005). Theoretically, hsp70 
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level should increase with longer exposure times because metals accumulate in the 
organisms and body burden increases with exposure duration (Guan and Wang, 2004). 
However, the decrease in hsp70 level with exposure time could be explained by the 
increase in metal concentrations due to prolonged accumulation. The general 
pharmacological kinetics of hsp70 response follows an optimum curve. hsp70 level 
increases initially with pollutant concentrations, reaches a maximum and eventually 
decreases as pollutant concentrations exceed a threshold limit (Eckwert et al., 1997; Pyza 
et al., 1997; Kohler et al., 2001; Hallare et al., 2005). The decline may be due to the 
inhibitory effect of pollutants on the HSP70 protein synthesis. For example, 
cytopathological damage like ruptured membranes may occur in many cells (Kohler et al, 
2001) and the average HSP70 degradation rate will exceed the average synthesis rate 
(Triebskom and Kohler, 1996; Quig, 1998). 
Compared to Cd� . , fewer studies have been conducted on the effect of Zv?^on the 
hsp70 level in aquatic invertebrates. In oysters, no significant induction of HSP70 was 
found in Ostrea edulis exposed to 0.1-0.5 mg L'' ofZn^^ (Piano et al., 2004). The alga 
Raphidocelis subcapitata produced significant amount of HSP70 protein in response to 
10.5 M of ZnCb and showed a dose-response relationship of HSP70 induction with Zn^^ 
concentration at neutral pH (Bierkens et al., 1998). In the sponge Baikalospongia 
intermedia, exposure to 0.01 and 0.1 mg L'' of Zn^^ for 16 h caused a strong induction of 
HSP70 (Efremova et al., 2002). Brown trout (Salmo trutta) from Cd and Zn polluted 
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river showed an increase in the hsp70 transcripts (Hansen et al., 2007). In the present 
study, M. macrocopa exposed to 0.3 mg L'' of Zv?^ for 48 h showed a significant 
increase in hsp70 transcripts. Pronounced increases in hsp70 transcripts were observed 
for both test concentrations after 96-h exposure. Again, a dose-response relationship was 
not found in M. macrocopa, but the hsp70 transcripts increased with exposure time in the 
presence of Zn^^. This is contrasting to Cd^^ for which hsp70 transcripts decreased after 
prolonged exposure (96 h). The degree of hsp70 inductions by Zx?^ (34-fold) was smaller 
than that by CcP (150-fold). This is possibly due to the high toxicity of CcPfBiesinger 
and Christensen, 1972; Shaw et al., 2001). Protein denaturation caused by Zn^^ may not 
be as severe as that caused by Cd^ "^ . Thus, Zn^^ may have smaller inhibitory effect on 
HSP70 synthesis compared to Cd^^ even after long exposure time. Indeed, no decrease in 
hsp70 transcripts levels was observed after 96 h of exposure to Zn^^. 
In comparison, hsp70 induction caused by metals was much less prominent in D. 
magna. The only metal treatment that caused a significant increase in hsp70 transcripts 
was 0.06 mg L"' of Zn^^ and 96 h of exposure. The level of hsp70 fold induction (3.3-
fold), however, was in 10 times lower compared to that recorded in M. macrocopa (34-
fold). Cd2+ did not significantly induce hsp70 expression in D. magna. This is consistent 
with the result of DNA microarray of D. magna which showed no hsp70 gene expression 
upon CcP exposure (Soetaert et al., 2007). However, it should be noted that there were 
also about 3-fold increases in hsp70 induction, despite not statistically significant, upon 
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96-h exposure to both test concentrations of CcP. The relatively low hsp70 induction 
might be masked by the great individual variations in hsp70 induction. Therefore, both 
high individual variations in hsp70 induction and low induction level may limit the use 
of D. magna hsp70 gene as a biomarker of stress. 
4.3.3 Effect of Anabaena on hsp70 gene expression levels 
Since feeding is crucial for growth and survivorship, nutritional deficiency may 
exert stress and induce the expression of hsp70. HSP70 expression is a potential 
biomarker of nutritional stress in early life stages of fish (Cara et al., 2005). Gilthead 
seabream {Sparus aurata) and rainbow trout {Oncorhynchus mykiss) larvae significantly 
increased HSP70 protein levels in response to food deprivation of 12 h and 7 days, 
respectively (Cara et al” 2005). In rat, reduction of food intake and thus calorie reduction 
triggered significant HSP70 induction (Gursoy et al” 2001). In this study, M. macrocopa, 
although not under food deprivation, were fed with the filamentous blue green algae 
Anabaena. The nutritional value of Anabaena is unknown, but M. macrocopa fed with 
Anabaena showed significant increase in hsp70 transcription level. Indeed, compared to 
individuals fed with the non-filamentous green alga C. pyrenoidosa, 48 and 96-h 
exposure to Anabaena caused hsp70 transcripts to increase by about 20-80 fold. 
Anabaena is considered to have lower nutritional value than green algae due to its low 
sterol content which constrains cholesterol synthesis in zooplankton (von Elert et al., 
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2003). Anabaena thus imposed nutritional stress on M. macrocopa, triggering hsp70 
induction. Moreover, filaments of Anabaena might entangle the filtering legs of 
cladocerans, forcing the animals to clean the filtering apparatus more frequently. This 
action causes the loss of the edible algal particles already retained on the filtering legs 
and in the food groove, thereby lowering food intake (Bednarska and Dawidowicz, 2007). 
In larval fish, decrease in food intake limits amino acid availability and enhances 
proteolysis (Concei9ao et al., 1997). The enhanced endogenous tissue breakdown may 
affect cellular protein homeostasis (Cunha et al., 2003). Protein aggregation caused by 
changes in protein turnover and/or accumulation of nitrogenous wastes caused by 
enhanced protein catabolism may produce proteotoxicity which induces hsp70 gene 
expression (Cam et al., 2005). 
4.4 Comparison of demographic and molecular measurements 
To our knowledge, this is the first study that attempted to develop a sensitive and 
qualitative measurement of gene expression of hsp70 from the freshwater cladocerans M. 
macrocopa and D. magna using real-time PCR. The primers and thermal cycle profile 
used in this study was validated. Theoretically, molecular responses are more rapid than 
demographic ones. Therefore, molecular biomarkers, most preferably, can detect early 
biological changes caused by environmental pollution before severely damaged can 
occur in individuals and populations (Van Gestel and Van Brummelen, 1996; Triebskorn 
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et al., 1997; Kolhler et al., 2007). In this study, demographic measurements include 
survivorship and reproductive performance of M macrocopa and D. magna, while 
molecular measurement refers to the gene expression of hsp70 at transcriptional level. 
Since the lowest detection limits of the demographic and molecular measurements were 
not determined, their sensitivity cannot be compared quantitatively. 
Under cold and heat stress, M. macrocopa showed significant decrease in lifespan, 
but reduction in reproductive performance was only observed under heat stress. At the 
same temperatures, the hsp70 transcript levels increased about 15-fold by heat stress and 
13-fold by cold stress in 24 h. In D. magna, heat and cold stress did not decrease 
survivorship, but significant reduction of reproductive performance at 14 and 25°C was 
observed in tests lasting 21 days. Significant hsp70 induction was observed in 24 h at the 
same temperatures, even though the degree of induction was not as high as that in M. 
macrocopa. These results indicated that demographic measurements did not persistently 
reveal the apparent effect of temperature stress on the cladocerans over a long study 
period, while hsp70 induction responded quickly and significantly upon heat and cold 
stress. 
Zn2+and Cd^'^at 25 and 50% of 48-h LC50 significantly reduced the reproductive 
performance of M macrocopa. Hsp70 gene expression was also recorded under metal 
exposure, although significant induction was observed only after longer exposure time 
(48 or 96 h) compared to temperature stress (24 h). In D. magna, no significant induction 
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of hsp70 transcript was observed after 96 h of exposure to a wide range of metal 
concentrations: 0.06-0.3 mg L"' of Zn^^ and 0.02-0.1 mg L'' of Cd^^. Only exposure to 
0.06 mg L/i of Zn2+ for 96 h significant induced hsp70 transcription. Compared with 
other toxicological studies, 0.065 mg L � o f Cd^^ was found to cause 50% D. magna to 
show reduced mobility after 48 h (Biesinger and Christensen, 1972). 3.5 jxg L'' of CcP 
reduced the reproductive performance of 50% of the D. magna after 14 days 
(Elnabarawy et al., 1986). 0.28 mg L'' of Zn^ "" reduced mobility of 50% of the D. magna 
after 48 h (Biesinger and Christensen, 1972). 0.102 mg L"' of Zn^^ decreased the 
reproductive performance of 50% of the D. magna after 21 days (Biesinger and 
Christensen, 1972). These results suggest that hsp70 of D. magna may not be a good 
indicator of metal stress in terms of sensitivity. In other taxa, the sensitivity of hsp70 in 
zebrafish embryos was proven to be higher than the measurement of their survivorship, 
hatching rate and 96-h early life stage test (Hallare et al., 2005). 
The hsp70 inductions of M macrocopa upon exposure to metals were greater 
than that of D. magna. This is in contrast to the demographic measurements which show 
that D. magna was more sensitive to metals than M. macrocopa (Wong, 1993; Garcia et 
al., 2004). The greater induction of hsp70 in M. macrocopa may account for their lower 
reduction in reproductive performance compared to D. magna. Synthesis of HSP70 may 
have cytoprotective functions (Morimoto et al., 1997; Santoro, 2000)，and many animals 
seem to use hsp70 overexpression as a universal mechanism for cell survival (Piano et al., 
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2004). Salminen et al (1996) reported HSP70 production by the human hepatoma cell 
HepG2 provides protection against cytotoxicity produced by hepatotoxicants. The 
induction of hsp70 by mild stress seems to protect cells against otherwise lethal exposure 
to other stress stimuli. Urani et al (2001) demonstrated that HSP70 induction in HepG2 
cells by sublethal heat shock provided cytoprotection against the subsequent exposure to 
Cu2+ and Zn^ .^ Piano et al (2004) found that high mortality in Ostrea edulis caused by 
heat stress is related to the lack of HSP70 induction and thereby cytoprotective response. 
Therefore, insufficient HSP70 production under stress could affect the normal cellular 
functions and account for the higher sensitivity of D. magna to metals. 
Compared to M. macrocopa, D. magna has lower hsp70 induction level by both 
the temperature and metal stresses. It shows that M. macrocopa may have a better 
developed hsp70 production systems. This is possibly due to that fact that M macrocopa 
lives in small and swallow ponds, muddy pools and rice paddies which are more 
fluctuating environment (Wong, 1993), compared with D. magna which lives in larger 
freshwater system such as lakes (Sarma and Nandini, 2006). Therefore, M. macrocopa 
developed a sensitve hsp70 induction system functioning as molecular chaperone to cope 
with the fluctuating living environment. 
For nutritional stress, life history parameters of M. macrocopa did not show 
significant difference between Anabaena and C. pyrenoidosa diet, even though M. 
macrocopa fed with Anabaena started reproduction later. In contrast, significantly higher 
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hsp70 transcription levels in response to an Anabaena diet were found at all exposure 
time. This observation indicates that individuals fed with filamentous Anabaena were 
under stress, although the effect of the stress might not be enough to influence 
survivorship and reproductive performance. Alternatively, induction of hsp70 could 
allow the animals to cope with the stressful conditions before apparent demographic 
effects were observed. 
4.5 Performance of hsp70 gene expression as a biomarker of environmental stress 
Because of hsp70 induction under various stressful conditions, the expressions of 
hsp70 at both transcriptional and translational levels may be used as a biomarker of 
environmental stress. Many field studies have demonstrated the usefulness of hsp70 as 
stress indices for environmental impact assessment or biomonitoring. Kohler et al (2007) 
demonstrated that HSP70 levels in the gills of the fish Leuciscus cephalus and 
Chondrostoma nasus elevated significantly in streams with high levels of heavy metal 
contamination. Werner et al (2004) have shown that high HSP70 levels in the clams 
Macoma nasuta from contaminated sediments in San Francisco Bay were related to the 
tissue content of metals and organics. Hallare et al. (2005) exposed zebrafish embryos to 
diluted water samples from the sites of varying levels of stress including metals and 
organic pollutants from Laguna Lake and found pronounced elevation of HSP70. On the 
contrary, Wang et al. (2007) examined the hsp70 expression levels at transcriptional and 
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translational levels in the goldfish Carassius auratus in the field and found that 
expression levels did not consistently reflects the pollution level of the study site at the 
time of monitoring. Pyza et al. (1997) found that the HSP70 levels in the centipede 
Lithobius mutabilis were not clearly related to laboratory exposure treatment with 
organics and metals or to the degree of contamination in Zn and Pb-contaminated sties. 
In the present study, the hsp70 transcript levels of M. macrocopa increased significantly 
upon temperature, metal and nutritional stress, although the sensitivity was not always 
higher than demographic parameters. The detection limits in the response of hsp70 gene 
expression was not determined, but it was probably lower than most demographic 
responses. A dose-response relationship was not observed in all treatments, and this may 
limit the usefulness of hsp70 gene expression as a biomarker because an ideal biomarker 
should reflect the contamination levels (Kammenga et al., 2000). Therefore, future 
studies should focus on the study of dose-response relationship. For D. magna, hsp70 
gene expression was significantly induced by temperature stress and Zn^ ,^ but not by 
Cd2+. Moreover, the levels of induction were low compared to those recorded in M. 
macrocopa. Therefore, hsp70 expression in D. magna may not be a good biomarker in 
terms of sensitivity. 
Since hsp70 can be induced by many environmental stressors, it has low 
specificity. On the other hand, the ability of a biomarker to integrate the effects of 
multiple stresses can be a great advantage in environmental biomonitoring under 
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conditions where there are multiple and complex stressors (Hallare et al., 2005; Kohler et 
al., 2007). However, it is pointed out that if a large number of stressors are present, 
analysis can become very difficult and any increase in hsp70 induction in the test 
organisms may be due to the seasonal variations in environmental parameters such as 
temperature instead of contaminants (Pyza et al., 1997). Cladocerans such as M. 
macrocopa has relatively short lifespan. Therefore, change in hsp70 transcript levels due 
to seasonal variations in environmental parameters is relatively low. Nevertheless, 
interactions among stressors in field can yield significant hsp70 expression even when no 
single stressor is at a harmful level. Therefore, HSP70 cannot indicate exposure to any 
specific stress without direct observation under carefully controlled conditions (Hamer et 
al., 2004). When combined with additional physiological observations, HSP70 can, on 
the other hand, indicate the severity of the stress exposure (Snyder et al., 2001). 
The persistence of hsp70 transcript levels also affects its utility as a biomarker, 
especially in biomonitoring. Depending on stressor type (temperature, metals, Anabaena 
diet), dose and duration of exposure, hsp70 transcripts reached significant levels within 
96 h and can persist for at least 24h. The hsp70 transcripts levels decreased to normal 
level upon extended temperature stress, its low persistence upon temperature stress limits 
its usefulness as a biomarker of temperature stress in field study. On the other hand, the 
low persistence of hsp70 to temperature stress may be an advantage in the analysis of 
other stressor such as metals, provided that temperature profile of the study site is 
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available. Since the persistence of hsp70 for these stressors (>96 h) was higher than that 
for temperature, any persistent increase in hsp70 expression may be attributed to 
pollution or other physiological stress. Nevertheless, the interpretation of the 
combination of these stressors still requires further research. Bierkens et al. (1998) 
demonstrated that the alga Rabhidocelis subcapitata showed a transient increase in 
HSP70 levels in response to changes in environmental parameters including pH, 
temperature, humic acids, nitrates and phosphates, but concluded that HSP70 is a good 
biomarker of environmental pollution. 
The use of hsp70 as a biomarker has also been criticized due to variability in 
basal levels in organisms. Piano et al. (2002; 2004) observed that the expression of 
HSC70 is highly fluctuating even without stress. In a field study, Pyza et al. (1997) 
reported significant seasonal variations in the HSP70 content of the centipede Lithobius 
mutabilis from unpolluted areas. La Porte (2005) found that individual variations in 
HSP70 levels in the mussel Mytilus trossulus were so high that they masked the HSP70 
inductions at low As^^ concentrations. Vedel and Depledge (1995) also reported 
considerable individual variations in HSP70 levels in the shore crab Carcinus maenas 
exposed to different concentrations of Cu^ .^ This limits the utility of hsp70 as a toxicity 
indicator in field studies that demands sensitivity and reliability. In this study, variability 
in the basal levels of hsp70 was not high compared to the fold induction by the stress 
factor. For cladocerans, individuals fed Anabaena showed 50 fold to over 300 fold 
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(outliers) increase in hsp70 expression. However, even when significant hsp70 
inductions were detected, the great individual variability in hsp70 induction in the 
cladocerans should be noted in considering its utility as biomarkers of environmental 
stress. 
Although both M. macrocopa and D. magna share the advantageous 
characteristics of cladocerans as test organisms, the results of this study demonstrated 
that the induction of hsp70 gene expression by stressors was more obvious in M. 
macrocopa than in D. magna. In D. magna, the low degree of induction was easily 
masked by the great individual variability in hsp70 expression. Moreover, decrease in 
reproductive performance and significant induction of hsp70 by D. magna were 
encountered at 25°C, a temperature commonly encountered in tropical and subtropical 
regions. Thus, D. magna has limited utility as a biomarker of stress in tropical and 
subtropical regions. In any case, the results showed the potential of hsp70 of M. 
macrocopa as a rapid biomarker for ecotoxicity tests conducted in we 11-controlled 
laboratory conditions. More studies involving more stressors are needed before its use as 
a biomarker of environmental stress can be justified. Field studies are also required to 




The nucleotide sequences of hsp70 of both M. macrocopa and D. magna were 
obtained and the measurement of hsp70 transcript levels by sensitive and qualitative real-
time PGR was established. In M. macrocopa, hsp70 transcriptions was induced 
significantly by temperature (heat and cold), metals (Zn^^ and Cd^^) and nutritional 
{Anabaena diet) stress within 96 h. In contrast, D. magna responded significantly to 
temperature and Zn2+, but not to CcP.. This study has shown that transcript 
measurements of hsp70 using M. macrocopa, but not D. magna’ perform better than 
measurement of demographic parameters in cladocerans in terms of time scale and 
sensitivity, and thus provide a potentially useful biomarker of environmental stress in 
laboratorial toxicity or physiological tests. However, the implementation of this 
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APPENDIX 
Table 1 ACt of M macrocopa and D. magna exposed to temperature stress. ACt = 
Ct of hsp70 - Ct of 18s. Data are means 土 SD. 
Test organism M. macrocopa D. magna 
Temperature ( � C ) 18 Ys ^ 14 ^ Ys 
Exposure time (h) 
24 0.81±0.66 5.31±2.06 0.75±0.77 10.82±0.12 13.37±0.43 11.17±0.42 
48 0.55±0.43 5.69±3.98 2.79±0.37 12.89±0.4 14.55±1.16 14.04±1.58 
96 3.18±0.34 3.15±0.05 3.98±1.49 12.12±0.89 12.9U0.16 12.00±0.81 
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Table 2 ACt of M. macrocopa exposed to metal stress. ACt = Ct of hsp70 - Q of 
18s. Data are means 士 SD. 
Metals Zn S 3 
Metal concentration 
Control 0.3 0.6 0.08 0.15 
(mgL-i) 
Exposure time (h) 
24 1.96±0.96 1.64±1.01 1.69±1.29 0.99±0.79 -0.30±0.34 
48 7.26士 1.31 5.07土 1.14 6.49±0.42 -2.26±0.67 8.35±2.08 
96 7.09±1.99 2.07±2.23 1.95±0.83 1.20±0.23 -
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Table 3 ACt of D. magna exposed to metal stress. ACt = Ct of hsp70 - Ct of 18s. 
Data are means 士 SD. 
Metals ^ ^ 
Metal concentration 
Control 0.06 0.3 0.02 0.1 
(mgL-丨） 
Exposure time (h) 
24 15.23士 1.21 14.46 土0.52 14.59±0.57 11.74±0.45 10.40士 1.51 
48 14.55±1.16 13.97±0.27 10.90±1.38 14.35±0.38 14.18±0.82 
96 10.28±1.07 10.23±1.15 - 9.84±1.48 9.10±0.85 
138 
Table 4 ACt of M. macrocopa exposed to Anabaena stress. ACt = Ct of hsp70 - Ct 
of 18s. Data are means 士 SD. 
Exposure time (h) Anabaena Chlorella 
^ -0.28±0.65 5 . 3 6 ± 1 . 5 7 ^ 
48 -1.05+0.12 5.40±1.74 




, • , . .� ’ • . ,1 • 
. . M 
• • _ I 
.: I • 
“ . : . . . . . . . 
. : • •‘ •: . 
II. . 1 
_ • .. .11-
“ - ： 
_. II J 
.. ‘ I .1 •• 
‘：：....•• ^ , r - . I I' 
讓 . • . 讓 • 讓 • , • 二 
1 “ . • ‘‘ 
：•• . _ •• •• •• “ •；'.. .： 
. • • ‘ •. •:• _ 丨：：‘ 
.. • . . � _ . . . . . . � : ' . • . . - . . - - . ] 
- , - •• , , .——..， ..丨 . . ： ： ， . . . , , 
, • || • . - ：•". .. ,... •  .. ,1 -• ..... 
- � .‘ ‘ - • ‘ '1,. •： ••‘ • • 
‘ - “ - ： 
•• . 画 . - • •  ： J： ,酬 
... I • • • ‘ 
‘• ： •• ::、 ：• ； ： •• ... • :,、. ，':•: ‘ 
• ‘ •• • ^ ‘ •‘ • • • , • 讓 
•• 1 ^  . . 讓• I 
“• • ：‘ - , ‘ •.丨,,-. i 
..丨 , 
•• •• - . . •• I 
I •• 1 . • • . • • . I 
• • .... •,丨.，_ •• .. ..... • �. •• 
I 讓.讓••• • • ••. ..： 
I I - , I •• • r 
.. .... ‘ 
. • ： ... .. • ： . . . . . . . . 一 
I .... • • • • • •• • - . •• • • • 
- ••——.• ^ , V. ‘ .. ‘ .. •  C. • •• 
•• •• •• • •. , ‘ • ‘ I . . 
•  ‘ . - . . . . 
. . - . : . ' ‘ • : . . . . . : • . , . . . : . : . . . . . • • • • • • . . . , j • — � 
•• - • -；. . . 「 •• ....-.., ‘ ： ； 
•• , 一 . ， .，. I I , 1 . _ ’ • • 
, ‘ ‘ I . - • 
. . • •• , ‘ ： I •• . S • . .. ‘ . ：： . i 
•• , 1 • ： 
. , . , I. I •. ., ••“ 1 
. . • • . . , . • . .. • 
• ：  . _」, _• ‘ . 
, 丄、. • ‘ , ：) 
� _ , : • — — . . . • • 
CUHK L i b r a r i e s 
IIIIIIMIIII 
’ I ： 一 . II '•、 .1 • t 
0 0 4 5 6 1 4 1 1 1 
1 1 . 
^—：— —.__—_ • . — . , _ - ‘ I： 
